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A S S T J K A U X
The increase in strength of gold-nickel brazed joints, with increasing 
joint gap is explained by considering the mode of failure of the joints.
Failure occurs in an apparently semi-brittle manner by crack initiation 
and propagation. Crack'propagation is considered to be the controlling 
factor in joints brazed at 970°C. On raising the brazing temperature to 1000°C 
the controlling factor changes to one of crack initiation. This is the result 
of changes in the braze alloy microstructure due to pick up of small amounts of 
alloying elements from the steel. The effects of alloying between braze 
material and steel, on the joint microstructure, are considered and a corner 
of the gold-nickel-silicon ternary is calculated, silicon having been found 
to have a large effect on the joint microstructure.
1.0 The Brazing Process
The oxidation resistant steel, Jethete 152, has been brazed using the 
gold-18 wt °/o nickel alloy for some time, and components containing these 
brazed joints have proved reliable in service. However, occasional 
difficulties in forming a satisfactory joint had been encountered, apparently 
associated \d.th the brazing alloy production route. In a major application, 
the rotor assembly of a jet engine, a defective braze in one blade root 
prejudiced the acceptance of the whole component. Little was known about 
the mechanical properties of this particular joint combination and the 
manufacturers of the brazing alloy were interested in an investigation of 
the effects of paste characteristics and the effect of joint variables on 
joint quality.
Initially, the programme was biased towards powder metallurgy
investigating the effects of production variables, powder characteristics
and also joint gap on the soundness and strength of brazed joints. Joint
clearance was included because one of the major applications of this
brazed joint system, involved joint clearances which could vary between
-3an interference fit and 0.37 mm (15 x 10 ins). It was known that in 
other brazed joint systems, increasing the joint gap above an optimum 
value, led to a decrease in joint properties. The optimum joint gaps 
found in other systems are much lower than the clearances which were 
permitted in the Jethete-gold-nickel alloy joints. It soon became clear 
that apart from the atomising medium, production variables did not greatly 
affect powder characteristics, whilst changes in joint gap were found to 
be more important.
The formation of any brazed joint is dependant upon base-metal braze- 
metal interactions such as wetting, fluid flow and interalloying, and these 
should be considered.
1.1 Wetting;
Brazing differs from welding in that the filler material, having a 
melting point below that of the base metal, makes the joint without 
melting the parent metal. In the joining process, the liquid filler 
metal must spread into, and fill, the volume between the parts to be 
joined, hence production of a sound and strong joint is determined by 
the ability of the molten filler metal to spread over the parent'ifletal. 
Although filling of the joint may depend on capillary flow or gravity, 
this in turn depends on the ability of the filler metal to spread over 
or fwetr the parent metal.
In relation to brazing and solderirig, wetting may be best defined 
as the ability of a liquid brazing alloy to flow over a base metal 
surface. This ability is determined by the relative characteristics, i.e. 
interfacial energies and surface tensions, of the solid and liquid 
phases, manifesting themselves in the contact angle. The contact angle 
can also be affected by the properties of the surrounding media such as 
reducing, or inert gases, or a vacuum.
The contact angle is a function of the surface tensions of both the 
parent and molten filler metals i.e.
Cos A = y-S - S H s  1.1
y 1
Where A = Contact Angle
X'-s = Surface tension of Solid-Vapour interface
y* L = " " " Liquid » "
y  LS = M " " Liquid-solid interface
Values for A cannot generally be calculated, due to the almost complete 
absence of quantitative information on braze alloys, although there are 
ways of determining values of surface tension L by experimental methods 
(1- 6).
In fact, values of surface tension for pure molten metals (copper, 
lead, magnesium, zinc, tin, aluminium, cadmium and silver (3, 7, 8)) 
have been determined as a function of temperature, although all 
measurements were apparently made using fluxes* Results have also been 
published on the binary systems of aluminium-magnesium, aluminium-zinc 
(9, 10) and copper-tin (3)»
Two methods for direct measurement of A are described in a paper by 
Milner (ll). The first involves quenching, and measurements on a 
spread drop, and may result in some error due to contraction on cooling, 
and difficulty in determination of the angle exactly at contact. The 
second technique involves immersing a plate of the parent metal in a bath 
of the molten braze filler metal. The plate is tilted until the liquid 
surface is seen, using optical techniques, to be perfectly flat up to 
the plate; the inclination of the plate to the horizontal is then equal 
to the contact angle (Fig. 1.1)• Milner considers the second technique 
to be superior.
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Wetting
If the metal is to fill a joint, a contact angle of less than 90°
is needed. From 1.1 we can see that:-
Y*! Cos A = Y s - Y ls (1.2)
So for joint filling
Y- L Cos A > 0 (1.3)
From this we can see that for joint filling
(Y"s - V^g) > 0
So it follows that the lower the surface tension (free energy) of
the solid surface, the less likely wetting is to take place. Fletcher
(12) found that clean metals exhibited approximately three'times the 
surface tension of oxidised metals and as much as ten times the surface 
tension of greasy metals and for this reason, oxides and other films must 
be removed, using a flux or suitable atmosphere, before wetting and
joint filling can occur. For example, Rymer et al (13) found that
i
increasing the vacuum improves wetting on high alloy steels, although 
little effect is observed in the case of plain carbon steels. In the 
latter case the oxide surface is probably reduced by the carbon in the 
steel whilst this cannot occur with the alloy steels containing only low 
percentages of carbon. The iron pxides are much more readily reduced 
by carbon than are the oxides usually found on the alloy steel surfaces, 
see Fig. 1.14*. The alloy steels have very ‘stable oxide surfaces whidh, 
although not reduced in a vacuum brazing furnace, can be penetrated b'y 
the brazing alloy and this is enhanced in a vacuum as discussed in 
Section 1. if.2.
1.1.1 Effect of Dissolved Substances on Wetting
It is known that the surface tension of a liquid in air can be 
increased or decreased by any solute present in it, (Gibbs Law). This 
law is only valid for liquid brazing alloys in air. For liquid brazing
alloy-base metal systems, at higher temperatures, it may not be valid
because the thermodynamic equilibrium is lacking (17). Little is known
about the quantitative extent of the effect of dissolved substances in
molten metal. Qualitatively, however, the effects on wetting behaviour
in a particular system may be shown. For example, increases in the
’wetting power1 of silver on steel are found when small additions of copper,
phosphorus or palladium (5), barium or lithium (15) are made to the silver.
Similar effects have been noted in other systems (17 - 19)* One generally
accepted theory is that the constituent which has the lowest surface free
energy in the pure state will segregate to the surface of the mixture (16).
*
Bircumshaw (20), who measured the surface free energies of the lead-tin 
system, found that small amounts of the lower surface energy constituent, 
lead, have a marked effect when added to tin, but that tin has little 
effect when added to lead. It is thought that the function of these 
’surface active’ substances lies, in their ability to form solutions with 
negative ’’formation enthalpy” with certain elements of the base metal. By 
this a certain amount of energy is. liberated in the form of heat and 
facilitates the wetting of the brazing alloy on the base metal (21).
Bailey and Watkins (22) have shown that alloying is essential if 
wetting is to take place. They found that the degree of wetting could be 
correlated with the type of alloying expected at a particular temperature. 
For example, if the liquid and solid metal alloyed to form a solid solution, 
wetting was obtained followed by the formation of a stable coating on with­
drawal, e.g. zinc on iron. If an intermetallic compound was formed* 
wetting occurred, followed by de-wetting on withdrawal; and if the solid 
metal is insoluble in the liquid metal, no wetting takes place. However, 
perfect bonds indicating wetting has taken place, have been obtained between 
low carbon steel and pure silver, which are virtually-insoluble (0.000*$ 
iron in silver at 1000°G), (23, 2*f).
There is a difference, however, in the requirement for the formation 
of a stable coating and the filling of a brazed joint, in that the former 
requires a contact angle of zero, whereas the latter requires the contact 
angle to be less than 9^ °. The reason for de-wetting as a result of the 
formation of a stable intermetallic layer, can be readily appreciated from 
a consideration of equation 1?3 and the relative values of surface energies, 
since an intermetallic compound will have a value more akin to that of 
ionic compounds than of metals (i.e. a lower value of surface energy) and 
so Cos A might be expected to increase.
1.2 Fluid Flow and Joint Filling
The production of a sound joint depends not only on the ability of 
the filler metal to *wet* the base metal, but also on its ability to flow 
into the joint by capillary action, although these are interrelated.
The elevation or depression of the level of a liquid in a capillary 
tube is given by the simple equation
H - 2^ 1, 006 A 1 ^
gpr
where p = density of liquid 
r = radius of tube 
It can be seen from (1*4) that if the contact angle A is greater than 
90°, then H will be negative.
A second consideration of this capillary action is the actual force 
driving the liquid through a gap or up a tube. When a liquid is in contact 
with a solid, the liquid molecules adjacent to the solid are acted on by 
the forces of the solid as well as the forces within the liquid bulk. Thus 
the liquid surface will be curved at the line of contact with the solid (25)* 
Now a curved liquid surface can only exist if there is a pressure 
difference, 'p1, across the surface, which is given by:-
P = 'tf-L (i, + ^  (1.5)
where and T2 are the radii of curvature of the surfaces. Using 
equations 1.2 and 1.5, the force driving the liquid through a gap can be 
determined. Considering a liquid between two parallel plates:- Fig. 1.2
the pressure drop across the liquid surface is given by:-
A 2}ft Cos A
A P  = -  j)  1.6a
and this provides the force driving the liquid through the gap between the
two plates. In the vertical situation, this equation has to be modified 
slightly to take into account the effect of the weight of the liquid 
opposing the rise up the gap. The equation then becomes
hk P ® Cos A - (p - p1 ) gh 1.6b
where p * density of the filler metal and pv = density of surrounding media 
if the media is gaseous then p' may be neglected.
Factors such as velocity and distance of filler metal flow in both the 
horizontal and vertical gap situation are studied and equations derivedi 
by Funk and TJdiin (26) and Milner (ll). For example, the velocity of flow 
in a horizontal joint is given by
v = ytf) CoeA 1.7
fix.
where x = distance travelled 
p. = viscosity
A comparison of theoretical results, with those obtained in practice, 
was carried out by Latin (28), using a variety of soft solders in joint 
gaps between tin plate sheets and between high conductivity copper plates. 
This work showed that for soft soldering, theory predicts flow rates of 
the correct order but more information would be required from other systems, 
particularly for high temperature brazing, before it would be safe to draw 
any general conclusions.
From equation- (1.7) it can be seen that increasing Cos Q
increases the rate of flow of the filler metal. This group of terms was
called the 'Penetration Coefficient' y Washburn (29)*
The above equations were derived from fluid flow theory and considered
Fig. 1.2
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such things as diffusion and alloying between filler and base metals, 
surface roughness and oxide films to consider.
1.2.1 Alloying between Filler and Base Metals
Alloying between the filler metal and the base metal is probably 
one of the most important reactions which will modify the theory of non­
interacting systems. In most instances, the brazing alloy will dissolve 
parent metals to an extent dependent on time, temperature and composition, 
and consequently, the filler metal melting point would be expected to 
change, either rising or falling, depending on whether the filler metal 
and base metals form a eutectic or peritectic system, . The filler metal 
melting point could thus be raised so that it becomes solid and chokes 
the joint gap, giving inadequate filling. If, on the other hand, the 
melting point is depressed, severe undercutting or erosion may occur.
Brooker and Beatson (30) consider that the rate and extent of alloying 
determine the optimum joint gap and if appreciable alloying occurs, the 
gap should be increased. This would not only allow for increasing 
viscosity, but also decrease the joint filling time allowing less time for 
alloying, and increase the volume of filler alloy, so decreasing the 
dilution by the base metal.
Feduska (31) found, when brazing high temperature alloys, that increas­
ing the brazing temperature above the nominal temperature generally resulted 
in a decrease in "wettability” of these alloys. (Wettability may be 
defined as the ability of a liquid brazing alloy to flow over a base metal 
surface, while elements of the brazing alloy superficially diffuse into, 
and alloy with it). This was attributed to an increase in reactivity 
between the brazing alloy and the base metal at these higher temperatures.
1.2.2 Surface Roughness
Surface activity calculations are invariably based on flat surfaces, 
and furthermore, the flow of braze metal is usually assumed to be laminar
at low driving pressures, although the flow does become turbulent at higher 
pressures, (28) see Fig. 1.3- In practice, however, a truly flat surface 
does not exist and this might be expected to affect wetting, and filling 
of a brazed joint, in two ways. First, the surface energy relationships, 
established previously, would be affected and also turbulent flow would be 
encouraged. The presence of turbulent flow would have the effect of 
prolonging flow time, thus increasing the opportunities for alloying and 
other interactions.
The energy changes require a knowledge of the ratio of real to 
apparent area. Unfortunately, the real area of a surface is difficult to 
measure, although according to a treatise by Adam (16) the most sound method 
theoretically, is one used by Bowden and Eideal (33) to calculate the 
"roughness ratio” (real/apparent area) for various surfaces. This method 
involves the deposition of hydrogen ions at a metallic cathode in an 
electrolyte, by maintaining the potential at a value considerably more 
negative than that of a reversible hydrogen electrode in the same electro­
lyte. It was found that the electrode potential is a linear function of 
the surface concentration of hydrogen and is independent of the nature of 
the underlying metals, the potential of the polarised cathode depending 
only on the true surface concentration of the added hydrogen. Apparent 
differences observed with cathodes treated in this way are due to differ­
ences in real areas^  the real area being defined as the total area 
accessible to hydrogen atoms and on which they can deposit or be absorbed.
Wenzel (3*0 showed intuitively that the effect of surface,roughness, 
on the equilibrium shape of the liquid surface, was to modify equation 1.2 
to:- Cos 0 - ^  1.8
where 0 in the observed contact angle, and related to A, the contact angle 
for an hypothetical plane surface, by the expression:-
Cos 0 = r Cos A 1.9
where r = roughness ratio.
This relationship was later derived analytically by Shuttleworth 
and Bailey (35) who showed that it was only applicable for general 
roughness, for example, it does not pertain to a surface consisting of 
a series of parallel grooves. In this case the liquid flows along and 
across the grooves until the equilibrium angle is attained around the whole 
periphery; this can only be achieved, if the liquid flows much further along, 
than across, the grooves.
Fletcher (12) sums up the effect of surface roughness with the 
generalisation "a liquid which wets readily on a smooth surface will wet 
even more on a rough one”; liquids exhibiting contact angles greater than 
90° on a smooth surface will show an even greater angle on a rough surface.
Funk and TJdin (26) consider that a poor surface finish will hinder or 
stop the joint filling due to the presence of many 1 capillary dams1 (sudden 
increases or decreases in joint clearance) of varying characteristics. 
However, they do note that surface scratches or tool marks are far less 
detrimental if they run in the direction of metal flow rather than 
perpendicular to it.
Measurements of the effects of surface finish seem to have been made 
mainly by "spreading drop" tests (36), and Milner (37) has reviewed the 
theoretical model of flow into a joint and possible effects of surface 
roughness. He considered, that whilst the force driving the liquid 
into the joint would be increased in direct proportion to the * roughness 
ratio1 r, the increased roughness may also introduce turbulence into an 
otherwise streamline flow pattern, thus increasing resistance to flow.
He concluded that:- (i) The important roughness ratio in brazing is not a 
ratio of areas but the ratio of the height of asperities to the mean • 
joing gap. (ii) A roughness ratio less than 1:15 does not alter the
velocity at which turbulent flow occurs but does have a marked effect on the 
turbulence which ensues after the transition; (iii) Roughness ratios greater 
than 1:15 promote the onset of turbulent flow at lower liquid velocities.
Turbulent flow will result in longer times for interactions to take 
place, whilst increased mixing would tend to increase the rate of alloying 
between solid and liquid metals.
1.3 Wetting Resistant Materials
A need exists in the electronic, nuclear and aerospace industries, for 
the development of simplified methods to wet and braze "difficult to wet 
materials". For example, beryllium is a material which possesses many 
desirable properties, such as low density, corrosion resistance, high 
modulus, high scattering and low absorption cross-section. Nevertheless, 
one of the major limitations to wider usage of this material is the inability 
to consistently obtain metallurgically sound joints to itself as well as to 
other metals (38). Ceramic to metal seal jointing, is another area 
attracting more attention and significance.
Preliminary studies into the brazing of beryllium, carried out by 
Adams and Weiss, utilised vacuum evaporation and deposition of titanium 
vapour and this was found to be very effective in promoting wetting on 
beryllium, with a silver and gold brazing alloy and also with pure aluminium. 
The gold-nickel alloy was, however, considered unsuitable as excessive void 
formation was found due to diffusion of beryllium into the braze alloy. 
Although wetting of beryllium was emphasised in these papers, Adams and 
Weiss obtained similar results on other materials such as beryllia, 
alumina, titanium oxide and graphite (38).
Wetting and bonding is thought to take place by liquid metal penetration, 
displacing and "tunnelling" under the vapour deposited film. The titanium 
vapour deposit than alloys and reacts v/ith the liquid surrounding it from 
the top and bottom surface, while the wetting and spreading phenomena 
continue to occur.
In previous work (27)? Adams found that molten silver and tin-base 
alloys will not spread on solid copper or steel in the complete absence 
of oxygen. He suggests that oxide formation and a similar wetting 
mechanism under the oxide, as described above, may possibly be responsible 
for the wetting of steel by molten silver.
l.*f Furnace brazing
Brazing has been defined as a process carried out at temperatures 
above *f50°C but below the melting point of any of the materials being 
joined, where capillary penetration of the filler metal into fine parallel 
gaps between the components being joined is relied upon to'prodtice a joint. 
The temperature seems to be an arbitrary one picked to distinguish brazing 
and soldering, the latter being a relatively low temperature operation.
As mentioned previously, wetting of the parent metal by the filler 
"tka-
metal is important in production of a brazed joint, and contamination of
"A
the base metal surfaces generally causes a reduction in v/etting and a 
consequent lowering of joint strength. Biis contamination may take the 
form of grease and associated adherent .chemicals, or oxides and other 
chemical compounds of the parent material itself. At temperatures up to 
about 800°C, active chemical compounds or *fluxes1, which react v/ith the 
contaminants, can be used to clean the surfaces to be joined. The use 
of fluxes may be extended up to temperatures in excess of 1000°C, although 
this technique is not entirely satisfactory. Flux compounds formed at 
such temperatures are difficult to remove after brazing, and residual 
chemicals may lead to corrosion under many conditions of service (12).
A review of some of the common fluxes and their uses may be found 
in the A.W.S. Brazing Manual (*f0).
The use of fluxes in brazing has been found to be a possible factor 
in poor joint quality. For example, Schillinger and Addison (39) 
concluded from v/ork done on steel joints brazed with silver, that the 
major cause of defects in the brazed joints, were the irregular flow modes
produced by the mechanism of flux displacement by the filler metal.
Also, the demand for better joints and better materials capable of high 
service temperatures has led to higher temperature brazing alloys with 
melting points greater than 1000°C. As a result of these two factors, 
fluxless brazing with these new alloys soon became mandatory in many 
engineering operations and furnace brazing in a controlled environment 
was introduced.
1.4.1 Brazing, .in a Controlled Atmosphere
Although many different types of gaseous protective atmospheres can 
be used for brazing, they may conveniently be divided into two broad 
categories:- (i) Chemically inert atmospheres which protect the parts 
being brazed from coming into contact v/ith other gaseous elements and so 
prevent the formation of surface films, which might inhibit flowing and 
wetting by the molten brazing alloy, (ii) Chemically active atmospheres 
which react during the brazing cycle, v/ith any existing surface films 
and remove them.
The atmospheres most frequently used in brazing are hydrogen, 
carbon monoxide or inert gases such as argon or helium. However’, a ‘list 
of ten possible atmospheres for brazing \ s. given in the A.V7.S. Brazing 
Manual (4l). Hancock (42) also discusses the protective atmospheres 
available and the range of non-ferrous metals to which this form of 
treatment may be applied.
Controlled atmospheres can be used either with or without flux, 
although v/hen used without fluxes, there is no necessity for postbraze 
cleaning and the other advantages of fluxless brazing are enjoyed. The 
use of a controlled atmosphere v/ith a flux can only extend the useful life 
of the flux and may possibly reduce postbraze cleaning.
The use of a contdolled atmosphere in furnace brazing led, in turn, 
to the use of low pressures, i.e. vacuum brazing. This was first used
for assembling evacuated electronic valves and since that time the tech­
nique has become an increasingly important production technique. The 
principles of vacuum brazing and the necessary equipment are reviewed 
in a paper by Drach (43).
The recent growth of high temperature vacuum brazing is described 
by Malim (44), who considers that, amongst other things, the development 
of fluxless aluminium brazing and the increasing use of stainless steel, 
and nickel and cobalt based alloys, have contributed to this* Improve­
ments in both batch and continuous furnaces have also expanded 
applications in vacuum brazing. A description of some of the furnaces 
used in vacuum brazing can be found in the literature (43 - 47). Since 
its first use in the electronics industry, vacuum brazing has become an 
increasingly important production technique, particularly in the aerospace 
(^f8, 49), electronic tube, and nuclear fields, where metals which react 
chemically with reducing atmospheres are used, or where entrapped fluxes 
or gases are intolerable*
1.4.2 Mechanisms of Oxide Removal
1.4.2.1 Oxide Removal in Atmospheres
The degree of difficulty encountered in the removal of an oxide film 
depends upon the strength of the chemical bond existing between the oxygen 
ions and the metal involved. The strength of such a bond may be assessed 
in different ways: (i) the heat of formation of the particular oxide
(50) (ii) by the change in free energy <4f in the system during the 
reaction. The second method is the most accurate and a plot of A f  
against temperature, Fig. 1.4 was made by Richardson and Jeffes (51).
They show that the dissociation of oxides becomes easier to accomplish 
as the temperature increases. However, if the partial pressure of oxygen 
in the surrounding atmosphere is 0.2 atmosphere or more, the dissociation 
temperature of the oxide will, in most known metals and alloys, exceed
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Fig. 1.4 Free energy of formation of various oxides, based on
the original diagram by Richardson and Jeffes.
their respective melting points (52). Therefore, if dissociation of 
the oxide coating was relied upon for oxide removal, the partial pressure 
of oxygen in the atmosphere must be reduced* This may be achieved by 
either evacuating the furnace, or by filling it with either an oxygen- 
free inert gas, or a reducing gas. If an inert gas is used, the chamber 
must be flushed with the gas, a number of times, or possibly evacuated 
and then filled with the inert gas, before the partial pressure of 
oxygen, P^, is sufficiently reduced. This procedure will allow 
brazing of materials such as stainless steel, by maintaining a continuous 
flow of argon through the furnace, thus preventing accumulation of oxygen 
in the atmosphere (53)•
If a reducing atmosphere is maintained in the furnace during brazing, 
the oxide removal is achieved by a chemical reaction. For example, if 
hydrogen is used
MO + ^  = M + HgO 1.10
Since this is a reversible reaction it can be seen that the amount of
water present in the atmosphere is an important factor in determining 
whether oxidation or reduction takes place. Tie amount of water vapour 
in an atmosphere may be conveniently expressed in terms of its 'Tew 
Point”, which can, in turn be related to the quantity:
log (Ptt c/Ptt ) appearing in the thermodynamic equation for free 
2 2
energy change A  Ftp
A f = A f j = RTLoge CPproductgA >reactants) l.H
For example, if a reducing atmosphere has a fdew point1 of - kO°G
(representing a level of 130 p.p.m. of water vapour in the gas), this 
level of water vapour will be present in that gas at all temperatures 
above -40°C. Bower (5*0 indicates the degree of "dryness” which can
be attained by some of the common drying agents.
1 oThe *dew point1 is usually plotted as a function of /T( K) so that 
a linear relationship results for any oxide under investigation. Plots 
of dew point against temperature have been made by Chang (55) and Espe 
(56) for various metals. Bie graphs do not give any indication of the 
rate of reaction and, although this may be rapid with high temperature 
brazing operations, at lower temperatures it may not be fast enough to 
come to completion within the brazing cycle. Also, the data are derived 
from pure metals and their oxides in their standard states. If the 
metal is used as an alloying constituent, its activity will be less than 
unity, and a higher dew point may be tolerated before oxidation takes 
place at a given temperature (55)• However, Apps and Milner (57) suggest 
that reduction of the oxide films on alloys^ appears to be determined by 
the element which forms the most stable oxide, provided it is present to 
more than 1 - 2$.
If carbon monoxide is used as the reducing gas, then the chemical 
reaction taking place is represented by:-
MeO + CO = C02 + Me 1.12
COSimilar principles apply as with reduction in hydrogen, there is a /CO^
ratio below which reduction of a particular oxide will not take place.
Practical limits are set to the use of hydrogen reduction in the 
techniques for drying the gas and in keeping it dry. It has been found 
that metals with surface oxide, more stable than Cr^O^ or MgO cannot be 
satisfactorily brazed in hydrogen and this is also true in the case of 
carbon monoxide atmospheres, See Fig. l.^ f.
We can see from the Richardson diagram, that hydrogen with a dev/
point of - hO°G, (containing approximately 130 p.p.m. H20, i.e. an E^:E^O
if o
ratio of nearly 10 :1) will reduce Cr20^ above temperatures of 900 C.
Dew points of - bO°C are readily obtained in commercially produced 
hydrogen and in fact, dew points of - 80°C can be economically obtained 
in hydrogen produced by hydrogen diffusion units. These operate on the 
principle of selective diffusion of hydrogen atoms through heated membranes 
of a 23% silver - 77% palladium alloy.
The thermodynamics of the reactions involved in the reduction of the 
metal oxides in a reducing atmosphere are discussed in full in the books 
by Darken and Gurry (58) and Kubashewski and Evans (50).
1. k. 2.2 -Oxide Hemoval in Vacuum
The mechanism of oxide removal in a reducing atmosphere is well
1
understood and documented, in contrast to the mechanism existing in vacuum
for which at least three theories have been postulated.
One of the first theories \tfas that the oxides were removed by
dissociation and, although this may be true for some metal oxides,
published data (Table 1.1) indicates that the dissociation pressure of
some oxides is much lower than the pressures which are found adequate for 
-3brazing i.e. 10 _ torr or less. - At; first:sight, this could be ruled rout 
as a':possible, mechanism of oxide removal for say steel .or chromium . 
bearing alloys. •. .
Table 1»1 (51)
Metal Oxide Dissociation pressure 
at 1150°C 
torr
Fe 0
0
 
■—110H
Cr2C>3 10“15
Si02 10~19
ai2o3 10-2?
Beckett (59) points out that a vacuum of 10 torr has a theoretical 
oxygen content of 1.3 p.p.m. . Published data (60) however, based on
spectrographic analysis of the residual gas in such a vacuum, indicates 
that the actual oxygen content is about 0.01 p.p.m. (based on N.T.P.).
The rest of the atmosphere is made up of about 7Cf% water vapour and 
some organic vapours from such things as Neoprene seals, vacuum grease 
etc. Hperis (6l) considers that this "high purity atmosphere, coupled 
with continuous purging of any desorbed gases" promotes the conditions 
necessary for the dissociation and removal of oxide films. On the other 
hand, Beckett himself (59) considers the most likely mechanism to be 
solution of the oxide film by the parent metal and diffusion of the 
oxygen into the body of the metal. With metals such as titanium which 
readily dissolve oxygen, the solution of oxide into the metal seems like 
a feasible mechanism; then, provided that this solution takes place at 
a faster rate than the formation of oxide fl*om any residual oxygen, the 
surface would be effectively clean. Some evidence is available from the 
work of Ehrke and Searle (62) on the gettering ability of various metals. 
These workers first obtained clean metal by flashing in vacuo and then 
measuring the amount of gas which could be absorbed. When using 
oxygen it was found, for example, that aluminium absorbed 02 only slightly
I
until an oxide layer was formed preventing further absorption whereas 
barium eventually became totally converted to barium oxide on raising the 
temperature.
Eowe (63) investigated surface cleaning of a vide range of metals,
—6 -8by heating in a vacuum of 10~ - 10” torr. The parameter used as a
measure of oxide removal was the coefficient of friction, which was found 
to increase as the oxide was removed. Seizure of two surfaces sliding 
over each other was taken to imply that a high degree of oxide removal 
had taken place. At room temperature seizure was found to occur with 
nickel, platinum, copper, iron, silver and mild steel. In.all speci­
mens outgassing had been carried out at various high temperatures, in 
most cases some of the surface had been evaporated away. On examining
the increase of friction with test temperatures,seizure was found in 
gold at 800°C and molybdenum at 1130°C. With titanium the friction 
was found to rise rapidly above 500°C. Seizure could not be obtained 
on aluminium heated..up to its melting point. The interpretation of 
these results in terms of a mechanism is not obvious, although Rowe 
himself tends to link it with surface evaporation. Some materials 
which can be successfully vacuum brazed e.g. aluminium (6*+), dissolve 
O2 only to a limited extent and have oxides with very low dissociation 
pressures. These results indicate that neither of the above theories 
alone, seems to fit.
The third and most likely theory of oxide removal in these cases, 
and one which is supported to some extent by experimental evidence, 
is that the molten brazing material penetrates the oxide film through 
discontinuities (12, 118). Experiments have been carried out by Wall 
and Milner (119) on the wetting of alloys of copper-aluminium, nickel- 
aluminium and iron-aluminium by a variety of liquid metals in vacuum. 
Heating in a vacuum was found to produce an imperfect film of alumina 
on the surface of these alloys and liquid metal was able to penetrate 
this film and spread along the metal/oxide interface, removing the 
oxide. Penetration was found to occur initially by vapour phase 
diffusion through imperfections in the oxide, and at the base of the 
imperfection liquid alloy was formed which progressively undermines 
the oxide until the liquid metal penetrates in bulk. Penetration was 
found to be-assisted by solubility of the base metal in the filler metal, 
by increased temperature and by imperfections in the oxide layer, but 
would not take place through two oxide layers. The success of 
penetration and flow is dependent also, upon residual oxygen in the 
furnace as any discontinuities must not be allowed to fill with 
reoxidised metal. Various parameters such as temperature, and composition
of brazing alloy and parent metal, determine whether the alloying 
between base and filler metal is conducive to liquid flow between the 
oxide film or whether there is considerable erosion of the parent metal. 
It is considered by Milner and Apps (65) that it is a combination of the 
second and third theories which make up the most feasible mechanism by 
which oxide is removed during vacuum brazing.
1.4.3. Reasons for Growth-of Vacuum Grazing
Vacuum brazing is not only successful in the production of joints 
of unequaled quality in difficult metals, but it also imparts a standard 
of cleanliness to work that could not be achieved by any other method. 
This second aspect is so important in some instances that components 
which could be brazed by easier methods are being vacuum brazed.
Although the requirements of a furnace to maintain a vacuum, are 
more stringent than for one containing a gas at normal pressure, vacuum 
brazing offers features which more than compensate for this (66). For 
example, vacuum brazing gives a greater latitude in the choice of base 
materials compared with other methods. Vacuum brazing has also been 
found to produce cleaner assemblies and stronger and less corrosion 
prone joints, (86), than conventionally..brazed joints, as a result 
of better wetting and flow of the braze alloy and elimination of gas 
and flux inclusions.
Vacuum brazing has been found to be necessary with certain super 
alloys containing titanium and/or aluminium, often found in jet engines. 
These are very difficult to braze practically, as oxide films form on 
these super-alloys even during heating in pure hydrogen with - 75°C 
dew point. Titanium also easily absorbs H2 and N2 and both the hydride 
and the nitride cause embrittlement (53? 68). Vacuum brazing facilit­
ates the joining of materials hitherto considered not normally brazeable,
for example, beryllium (69, 70), niobium (71, 72), ceramics (73) and 
graphite (7*0*
Comparisons have been made by Huske (73)» of joints brazed in both 
hydrogen and vacuum. In the case of materials which were readily
brazed in hydrogen, no difference was found but in the case of an alloy
normally considered unbrazeable in hydrogen, the vacuum brazed joints 
were much stronger. Comparisons of the cost of vacuum and controlled 
atmosphere brazing have also been made (6l) and these indicated that 
vacuum brazing is the more economical method.
Other advantages gained by use of vacuum brazing are:-
(i) No flux is necessary, thus avoiding flux inclusions
(ii) Absence of gas avoids gas inclusions
(iii) Risk of distortion is minimised. Heating is accomplished
almost entirely by radiation; this type of heating offers
V
the most homogenous heat distribution as frblack body" 
conditions prevail within the vacuum chamber. Consequently,
thermal distortion caused by uneven heating is minimised.
Also the work is not moved whilst hot.
(iv) Several joints can be made at the same time
(v) Low cost visual inspection is usually adequate
(vi) Finished product has bright surfaces which means that 
expensive post braze cleaning operations can be dispensed 
with
(vii) Braze metals have been found to flow faster in vacuum, 
thus cycle time can be shortened and output rates increased 
(86, 87).
(viii) Successful brazing can be achieved over a range of low pressures, 
which can be as low as 10 ^  torr, depending on the base metal 
and brazing alloy involved and on the brazing temperature.
This can be understood when one considers that at a pressure
-3of 1 x 10 torr, the concentration of oxygen is approximately
1*3 p.p.m, which compares favourably with the residual oxygen
content of ultra pure argon and that the equivalent dew point
-if
of the residual water vapour at a pressure of 1 x 10 torr 
is - 90°C (assuming that the residual atmosphere contains 70% 
of water vapour by volume) (33)• As one might expect, there 
is a "critical pressure" above which satisfactory joints could 
not be formed, and this has been established by Beatson (30), 
for copper on a number of alloys, by spreading drop tests at 
various brazing temperatures, Table 1.2, The'high pressures 
found to give satisfactory wetting in the case of titanium were 
attributed to the high solubility of oxygen in titanium.
Similar work carried out by Wall and Milner (119) indicate that 
these critical pressures are affected by pumping conditions and 
the presence and position of any controlled leaks*
Table 1.2 Wetting Tests with Capper in Vacuum
Metal
V
Pressure
Torr
Wetting Final
Appearance
18 - 8.Stainless steel 1150 io~h Excellent Bright
18 - 8 Stainless steel 1150 1G~2 Good Olive Green
18 - 8 Stainless steel 115Q 1 None Thick Oxide
18 - 8 Stainless steel 900 io“Zf Good Bright
18 - 8 Stainless steel 900 io“5 None -
Nimonic 90 1150 10“5 Very Good Bright
Nimonic 90 1150 io~k Fair/Good Slight Blue
Nimonic 90 1130 3 x ICT**
-if
Very Poor Blue
Titanium 1000 10 ^ Very Good Clean
Titanium 1000 io"1 Very Good Clean
2.0 Metal Powders for Brazing Alloy Preplacement
Metal powders represent a very versatile approach to alloy pre­
placement in brazing operations and as a result, their use has grown 
substantially in recent years. The range of alloys available in powder 
form, nowadays includes most common filler metals. As well as the 
obvious advantage of alloy preplacement in vacuum brazing, Addison and
Schillinger (39) found that pre-placed silver foil gave an improved joint
»'
when compared to a standard brazing technique in steel butt joints brazed 
with silver, i.e. using a flux. The latter was applied to the faying 
surfaces of the joint and to the braze wire which was fed to the joint 
as the brazing temperature was reached. It was concluded that irregular 
flow modes produced by the mechanism of flux displacement by the filler 
metals are a major cause of defects in the brazed joints.
Although metal powder can be produced in a wide range of particle 
sizes, most brazing applications use powder having a size below 250 
microns (128), about 50$ by weight of the powder being below about AA 
microns. Production of powder for brazing applications is usually by 
melt atomisation using either inert gas or water. In the formation of 
the powders, it is important that there is no evidence of segregation, 
each particle being homogeneous. Impurity levels should also be 
minimised and accurately controlled to provide metal powder having a 
consistent flow point during brazing.
The physical parameters of a metal powder, although for the most 
part, having little effect on brazing performance, can be of importance 
when considering the various forms in which the powder may be used. 
Particle shape, powder flow, particle size and distribution, and 
density are all factors which govern how the powder will behave mechan­
ically. For example, particle shape, size and distribution will affect
the packing density of a powder and this could be very important in 
manufacture of preforms or pastes. Whatever the mechanical properties 
required, therefore, the production process should be controlled to keep 
these parameters within a consistent and predictable range.
2.1 Filler Metal Powders
The increasing use of filler metals in the form of powders results 
from the advantages to be gained. For example, brazing preforms in the 
form of rings or washers or wire feeding, assume that the alloy has 
sufficient ductility to allow working into either wire or strip. When 
the filler metal is in the powdered form, this is not necessary and 
brittle alloys can be pressed and sintered into a preform. Another 
advantage is that metal powders may be readily adapted to fit complex 
joint areas. Coupled with the fact that precise quantities of brazing 
alloy can be measured out to the joint, thus limiting v/aste material, 
and any necessary fluxes can be included as powder with the metal, we 
can see that metal powders offer a versatile approach to brazing.
There are four main forms of metal powder used in the brazing 
industry.
2.2.. Brazing Tape
The tapes used, generally consist of a mixture of filler metal
powder, any necessary fluxes and an organic binder. TJsing powder
rolling techniques, the combination can be rolled into a strip of required
—3thickness usually between 0.025 - 0.125 nim (1.5 x 10 ins) Rose (129).
The strip is then baked at a low temperature to drive off most of the 
vehicle and ’set* the filler metal powder. The result is a reasonably 
flexible strip which can be cut or stamped to produce brazing tape of 
the desired length or shape.
2.3 Brazing powder Preforms
Formation of these preforms, usually involves the combination of metal 
and glass flux (130)* ®ie glass serves two functions, in surrounding the
metal particles and protecting them from oxidation whilst heating to the 
brazing temperature and also acting as a fluxing agent at brazing temperature.
The glass and filler metal powders are thoroughly blended with a 
binder material, this mix then being pressed, using standard powder 
metallurgy techniques, into preforms. The 'green1 preforms are then 
heated to a temperature sufficient to drive off the binder and sinter the
glass and filler metal powders into a coherent structure*
This new concept in brazing preform is not intended to be a general 
substitute for preforms made from wire or strip. The primary advantage 
lies in the "self-fluxing” capability of the powder metal-preform, which 
lends itself to the brazing of assemblies using induction, torch or gas 
burners rather than reducing atmospheres. Powder metal preforms can also 
be made from alloys which could not otherwise be made into preforms of 
wire or strip, due to their brittleness.
2. A Metal Powder
In some cases, a simple applicationtof the powder itself may be suffic-e 
ient to meet brazing requirements.
An example of the direct use of powdered brazing alloy, is reported 
by Leuthner (l3l) in the brazing of jet engine stator and rotor blades 
using a silver based alloy. These were originally brazed by hand-held 
gas torches which require skilled labour and was very slow and expensive.
A number of methods of alloy preplaceraent were tried, including paste and 
foil, but it was concluded that the method which gave best results was 
feeding the alloy powder of AO - A5 mesh, onto the rotating assembly, held 
at brazing temperature by gas torches, from a hopper and tube arrangement.
The brazing alloy is caught by the smooth viscous flux and evenly distri­
buted. In this way, the process became semi-automatic, giving a 
consistently high quality and speedier production of the assemblies.
In this case, the powder is fed directly onto the heated joint and 
so there is no problem as regards holding the powder in place at the joint.
Powdered alloy can also be preplaced on a co±a joint wnicn is tueu liCd L C U  
up. When it becomes difficult to hold the alloy in place, for example, in 
vertical sections, a liquid vehicle can be added to the filler metal powder 
to produce a paint which can be brushed onto the joint. Generally, these 
practices are common in the joining of jewelry and other small components 
involving manual assembly.
2.5 Brazing Pastes
An obvious progression from brazing paints are brazing pastes which 
have the advantage of a higher metal content per unit volume. The pastes 
are made up of a finely divided metal powder, a flux, if necessary, and a 
vehicle or binder and are very versatile in that their character- ; 
istics can be altered by variation of the constituents.
The use of brazing alloy paste allows precise quantities of filler 
metal to be fed to the brazing area. This could be done using a 
dispensing gun fed with paste from a pressurized supply tank. Such a 
system lends itself to highly aitomated production where large volume brazing 
warrants this approach. This ability to meter precise quantities of the 
filler metal is also important when precious metal based filler alloys are 
used, as in these cases wasted material is costly.
Other advantages (132) areJ-
(i) Adding powdered flux to the mixture of filler metal and vehicle 
allows application of flux and filler metal in one operation.
(ii) Where complex configurations are to be joined, brazing 'patterns' 
can be made using screening techniques. This is a technique 
particularly useful in electronic circuitry manufacture.
(iii)ln some cases, the paste itself can be used to hold discrete 
components together until brazing takes place, thus eliminating 
the need for jigging.
2*5*1 Solid Constituents
The solid constituents of a brazing paste will be metal powder, either 
in the form of a mixture of the pure metal powders which make up the 
brazing alloy or as the pre-alloyed powder, and any powdered flux which 
may be necessary.
Both shape and size range of the powders are important, as these affect 
the surface area of the powder which will, in turn, affect the paste. For 
example, metal flakes tend to cause the paste to gel, so that powders are 
preferred. The particle size also affects the powder surface area, which 
should be kept relatively low to permit high solid loadings. Small 
particles use considerably more vehicle to wet the powder surface, leaving 
less vehicle for flow and viscous phenomena (136). However, this is not 
always important, for example, Greir (133)? in formulating a paste 
containing an electroconductive material and flux for use in the electronics 
industry suggested that although the metallic powder would have a xd.de size 
range, the average diameter should be less than 15 microns, typically 1 to 
5 microns. Similarly, Miller (13A) found, in a silver-palladium paste 
for use in production of electronic circuitry, that particle sizes, for 
silver, of 1 to 5 microns xdth surface areas of 0.5 to 1.5 square meters 
per gram, were acceptable. A smaller particle size, giving a surface 
area of 10 - 25 m^ /gm, however, v/as necessary xdth the palladium powder 
in order to overcome electrical problems. The total metal content was 
70  ^by weight. With such high metal contents and small particle size, 
the resultant paste is very thick, "a just barely cohesive mass" and 
consequently there is no secondary flow after paste application. Whilst 
this is a desirable state of affairs in the production of thick film 
electrodes for the electronics industry, it is neither necessary, nor in 
some cases, desirable for brazing.
This difference is brought out in a patent relating to the formxilation 
of screen printable brazing pastes (135) in which the authors specify only 
that the powdered metal or alloy be below 150 microns. This allox^ s high
metal loading, as high as 83 wt % and viscosity of the paste is controlled 
by varying the amounts of solvent and thixotropic agent in the carrier.
Wysopal and Bangs (102) also found particle size to be important in 
brazing pastes. They compared two pastes containing a nickel-chromium- 
silicon brazing alloy powder. Powder A contained irregular particles which 
had a much higher proportion of fines, -A7 microns, than paste B, which 
contained spherical powders. It was found that paste A, did not out-gas 
upon drying as readily as B and the as-applied density was as low as 37 • 5 $ 
of solid metal. Paste preparations flaked off easily during heat-up, and 
shrinkage during brazing was excessive. Paste B was also found to be 
easier to extrude. Wysopal et al also found secondary flow, i.e. flow 
resulting from collapse of the paste after extrusion, to be important, 
allowing paste to be extruded into the joint. Poor paste application, as 
found in the case where no secondary flow is found, led to joints 
containing defects indicative of filler metal starvation. Powder size 
and shape is obviously of great importance in brazing alloy paste 
manufacture.
2.5.2 The Vehicle
Ideally, the vehicle should be of a neutral composition, to serve as 
a suspending agent without degrading the brazing properties of the metal 
powder, and would, when exposed to the brazing cycle, be driven off 
leaving no harmful residues.
A volatile vehicle would therefore seem to be appropriate. However, 
these entail certain drawbacks as they tend to dry out as the paste is 
being mixed and volatility tends to be incompatible with a long shelf life. 
On the other hand, low volatility vehicles would allox* secondary flow after 
paste application, which in ordinary brazing is to some extent desirable. 
However, too much secondary flow can waste brazing material by allowing 
the paste to flow away from the joint, and in the production of electronic 
circuitry, where paste is screen printed into set patterns, secondary flow 
is definitely undesirable. Low volatility vehicles also tend to leave a
residue after brazing and excessive secondary flow could lead to entrap­
ment of this residue. It can be seen that both volatility of the vehicle 
and viscosity of the paste must be controlled.
In the electronics industry the vehicle is usually made up of a low 
volatility solvent to which have been added flow controlling additives 
and a resin to provide viscosity. For example, Miller (13A) in his 
silver-palladium brazing paste, uses an organic binder with additions of 
ethyl cellulose resin, a flow control agent and a surfactant. Conwicke 
and Amin (135) suggest a similarly engineered vehicle comprising of an 
active hydrogen-containing compound, to remove surface oxides, a resin, an 
organic solvent and a thixotropic agent. The proportions of these compon­
ents can be varied to give a range of viscosities and fluxing abilities.
We can see/'that filler metal pastes can range from a simple mixture of 
a vehicle and an alloy powder, to a highly engineered vehicle-alloy powder 
system. The method of mixing the vehicle and powder also varies from 
simple mixing (135) to more sophisticated methods, for example Nolte and 
Spurk (133) who had the ingredients ball milled for 2A hours with 
sufficient amyl acetate/acetone solution added to give appropriate viscosity. 
The method used by Miller (13A) involves "sufficient passes on a 3 roll 
mill to provide adequate dispersion and reduction of pigment agglomeration". 
This milling is not considered to be an attrition process; it mainly pulls 
agglomerate units apart by shearing forces which are transmitted through 
the vehicle as the rolls turn (139)* Thorough dispersion has been found 
to improve shelf life (lAO) and is also important in forming a paste which 
will give satisfactory application characteristics and a sound reproducible 
brazed joint.
The use of brazing alloy preplacement has become widespread with the 
increased use of vacuum and atmosphere brazing methods, and is of particular 
interest when brazing with precious metal alloys in view of its advantage 
in reducing waste.
3.0 Mechanical Properties of Brazed Joints
The increasing use of brazed joints in highly stressed components 
for both room and elevated temperature applications-, has brought about 
a demand by design engineers, for more data on the strength of brazed 
joints.
Difficulties arise in obtaining strength data for a brazed joint 
because it cannot be considered as an homogeneous body. Indeed it is an 
heterogeneous assembly oompound of different materials with differing 
physical and chemical properties. In the simplest case, it consists 
of the base metal parts to be joined and the filler. However, in most 
applications, diffusion phenomena take place at the contact faces 
resulting in changes in composition, and therefore chemical and physical 
properties, at a boundary zone formed in the interface between base and 
filler metals.
In a study of the strength of such heterogeneous joints, the 
simplified hypothesis of elastic theory, valid for an homogeneous 
metallic body, where the stresses due to external forces are uniformly 
transmitted from a surface or volume element to the adjoining elements, 
are no longer applicable. In a brazed joint formed of several materials 
with differing characteristics of deformation-resistance and
deformation speed, the stresses caused by external applied loads are
/
non-uniformly distributed.
In order to obtain comparative values, these facts and their 
effects must be considered in the choice and design of specimens for the 
determination of the strength of brazed joints. Due consideration must 
be given to both the charac teristics of the parent metal and to external 
factors such as (i) shape of test specimen, (ii) geometry and surface 
condition, (iii) composition and strength of the parent metal and braze 
material and (iv) brazing technique.
3-1 Joint Design
T/o basic typesiof joint are available when brazing a specimen for 
use in a tensile test, these are (a) the butt and (b) the lap joint.
The butt joint is a simple joint and therefore is easily machined, 
although, it is necessary to achieve an accurate alignment of both halves 
of the specimen during the brazing operation. According to Case (76), 
the slightest misalignment causes bending stresses during pulling of the 
tensile braze and this seriously affects the results of the test. lb 
obtain a uniform thickness through the joint, the surfaces to be brazed 
must be accurately finished to a high degree of precision, and both 
surfaces must be perpendicular to the axis of the braze.
A number of papers investigating the strength of brazed butt joints 
are available (76 - 80) and this type of joint presents an almost ideal 
method for investigation of the factors determining the mechanical 
strength of brazed joints. It seems, however, that as the majority of 
brazed joints are subjected to tensile-shear stresses in service, this 
type of data is more desirable.
Specimens used to obtain shear test data are based upon the lap 
joint and in fact the single lap shear test specimen was recommended in 
1963 by the American Welding Society (A.W.S.) (8l) as being Ma 
relatively inexpensive, simple and easily reproducible, method for 
evaluating the strength of brazed joints". The A.W.S. method was reviewed 
in 1968 by Bredzs and Miller (82) who point out that "the A.W.S. method 
is not designated for determining the unit shear strength of a brazed 
joint, but for determining the average shear strength and the load 
bearing capacity of the joint".
A review of various specimen designs based on the lap joint is 
included in a paper by Miller and Peaslee (83). They found that shear 
strengths ranging from 70 MN/M2 (10,000 psi) to A5O MN/M2 (65,OCX) psi) 
can be obtained by varying the test specimen whilst brazing alloy, base
metal and brazing procedure remain the same. They proposed the adoption 
of a standard specimen and procedure and they went on to design what 
they consider to be a suitable specimen. Fig. 3-1-
This joint is of the single lap type, simple in design and 
inexpensive to make and therefore could possibly be used in the role of 
quality control. However, the authors themselves, admit that this type 
of specimen does not really reproduce the conditions met in service.
Two specimen designs more closely resembling service conditions 
and which are also quite often used in research work, are (i) the shaft 
insert lap type and (ii) the ring and plug specimens. Fig. 3«2.
The plug and ring design was the one chosen by the International 
Institute of Welding (I.I.W.) for their shear strength determinations 
(84) after systematic tests carried out in three different laboratories 
in Europe. This type of specimen was chosen because it was considered 
that the specimens employed should have an axial stress with virtually 
pure shear. The A.W.S. however, considered this of secondary importance 
and favoured a single lap test specimen.
This basic difference in concept was discussed at a colloquium held 
in Helsinki in 1963. This exchange of views led to an explanation of 
the apparent discrepancy between the two concepts (85). In fact, the 
discussion clearly showed that the two specimen served two different 
purposes; "while the specimen recommended by the A.W.S., a single lap, 
shear specimen is representative of the behaviour of an assembly^  the 
Sub-Commission IA specimen (the plug and ring joint) is essentially 
representative of the filler metal".
Since the gold/nickel alloy being investigated, is used to braze 
Jethete stator blades into sockets in a Jethete ring, the I.I.W. 
specimen is, in this instance, also representative of the assembly and 
so this type of specimen design would seem to be the best.
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3.2 Factors Affecting Mechanical Properties of Brazed Joints
3.2.1, Joint Gap
One obvious factor affecting the strength of a brazed joint is the 
presence of imperfections, such as voids or inadequately filled areas in 
the joint. This can be related directly to the joint gap. For 
example, Leach (88) found that butt joints in stainless steel, brazed 
with silver-copper-cadmium-zinc alloy (Easy Flow), had a maximum tensile 
strength at a joint gap of approximately 3/*-®. At gaps below or above 
this, the strength falls off quite rapidly. The decrease in strength 
at the thinner joint gaps, is attributed chiefly to the imperfections 
inherent in such joints. Eiese are caused mainly by tight fitting 
points due to slight surface irregularities. At these points, the film 
of filler metal is interrupted, thus resulting in a reduction of the 
brazed area.
Similar vrork, by Coxe and Setapen (78, 90)» using ,IEasy Flow” 
brazing alloy with two types of steel, showed that, although the silver 
alloy ordinarily has a tensile strength of about k$0 MN/M? (70,000 psi), 
in a very thin butt joint, the alloy will \d.thstand a stress of 8*f0
hard faces of material being joined prevent or interfere with slip along 
crystallographic planes of the brazing alloy, (b) When the brazing 
alloy is stressed, it tends to elongate. However, elongation requires 
a reduction in area and this is restrained, in the joint, by the closely 
spaced hard faces of the steel to which the alloy is bonded. The brazing 
alloy is then under triaxial tension. It has been established that a 
material under triaxial tension has a higher failure stress along the 
principal axis of stress, and a lower elongation than when pulled in 
simple tension. When the yield strength of the steel is reached, the 
steel elongates and there is some reduction in cross-section, thus
T h e y  suggest two theories for this:- (a) the
relaxing the radial tensile stresses in the joint and allowing the
brazing alloy to extend out to failure.
The work of Chang (ill, 120), using butt joints in three types of
steel brazed with two nickel-chromium-boron alloys, a nickel-chromium-
silicon alloy and a gold-l8$ nickel alloy, relates the strength of the
brazed joints to the joint microstructure as indicated below.
In *zero* clearance joint gaps, made using the nickel based alloys,
the joints had a satisfactory combination of strength and ductility with
a failure strength close to that of the base metal. Increasing the
-3joint clearance to 0.03 mm (2 x 10 ins.) resulted in reductions in
strength of 30 - 7C$ of those obtained at fzerof clearance. This
behaviour was thought to be due to the presence of intermetallic compound
and/or eutectic phases in the microstructure, associated with clearance
~3of 0.03 mm (2 x 10 ins.) or more. In zero clearance joints, these 
filler metals possessed a single phase structure, regardless of base 
materials. This was attributed to the diffusion of boron or silicon 
from the narrow joint, into the base material, leaving essentially a 
solid solution of chromium in nickel. On the other hand, lidien the 
intended clearance was 0.03 mm or greater, the diffusion distance was 
lengthened and more important, the amount of boron or silicon initially 
present in the joint, was greater, with the result that the brittle phase 
caused by the presence of either of these elements, did not disappear 
completely during the brazing cycle.
In contrast, with the gold-l8?£ nickel brazing alloy, Chang found that 
neither the microstructure nor the tensile properties of butt joints are
_3
clearance sensitive up to 0.13 mm (6 x 10 ins.). However, the joints 
failed either in the base material or with tensile strengths equal to that 
of the base material. This being the case, I do not think any conclusions 
can be drawn from these results. Chang (120) however, suggests that "if 
a filler material neither contains brittle phases nor forms such phases
SO
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with the base material, the tensile properties of the resulting joint 
will not be appreciably affected by joint clearance”. The results 
> obtained with the nickel based brazing alloys, although indicating the poss­
ible relationship between joint clearance and microstructure, are really 
only directly applicable to these particular nickel based alloys.
Case (91, 76) suggests that, in general, the effect of joint gap on 
the strength of brazed butt joints, i.e. the occurrence of a maximum in 
tensile strength at narrow joint gaps, as found by Leach (88) and Coxe and 
Setapen (78), is a result of the triaxial tension occurring in the 
joint. This was proved in certain cases by Bredzs (23)» Vho studied butt 
joints of steel brazed with silver, and also explains the decrease in 
strength with increasing joint gaps, as this decreases the restraining 
effect of the parent metal.
This theory seems to hold true for brazed butt jointeain base metals, 
having a higher yield point than that of the filler metal in the cls cast 
condition. In lap joints, however;i although a similar effect is found, i.e. 
there is an optimum joint gap depending on the filler metal, (93-95) 
since no appreciable restraint of contraction can occur in these joints, 
the mechanism cannot be the same as that in butt joints.
Although there have been a number of papers published, examining the 
effect of joint thickness on shear strength of brazed joints (93-97)? the 
mechanisms behind the observed phenomena have not been completely 
explained.
Colbus (93-95) examined ’’ring and plu^type lap-joints in mild steel,
brazed with a silver based and two copper based alloys. He found that the
-3maximum strength occurred at 0.1 mm (*f x 10 ins.) in the silver based and
—3one of the copper based alloys and at 0.2 mm (8 x 10 ins.) in the second 
copper based alloy. See Fig. 3*3* He considered that the highest shear 
strengths were obtained with the lowest joint gap at which sound joints 
were obtained. One would normally expect sound joints with gaps below 
0.1 mm and it is possible that in this case the brazing procedure could
have resulted in poor lining m  tne narrow aw* c*cuuyxc, «u6«
fluxes are used, a minimum joint gap is required to ensure that enough 
flux is present to dissolve the oxides. Such conditions no longer 
exist with very narrow gaps. Furthermore, a narrow gap will offer 
increased resistance to the flow of brazing alloy as a consequence of 
slag and flux inclusions and contact between the faces to be joined.
Defects arising from this, cause appreciable reductions in strength of the 
joint. In all three cases, the brazed joints were stronger than the shear 
strength of the brazing alloy, in the as cast condition, (represented by 
line A - A in Fig. 3*3) and this is attributed to alloying with the base 
metal. This could also explain the fall in strength at higher joint 
gaps, as one would expect the effects of interalloying to be reduced in 
the higher joint gaps.
Wuich (97) also found alloying to be important in lap joints of pure 
copper in steel. He suggested that the formation of a thin, high strength, 
alloy zone between the steel and the copper was the reason for the peak in 
strength at low joint gaps? -the alloy layer having a greater contribution 
to strength in the narrower joint gaps.
Shaw et al (96), using pure silver joints in steel, thus avoiding the 
effects of interalloying, also considered the effects of joint gap on the 
shear strength and the mechanism of strengthening. Butt joints were tested 
in torsion and it was found that the yield strengths of the silver joints 
fell into two groupings; one of constanttvalue independent of' joint 
thickness, and the second rising roughly l i n e a r l y  with decreasing log joint 
thickness. On the other hand, stresses at fracture showed a general 
trend, decreasing with increasing joint thickness.
Microscopic observations of individual grains of the silver joints 
during deformation, showed a diversity in plastic behaviour dependent upon 
the grain orientation relative to the steel interfaces. Although grain 
orientations were not determined, it was thought by Shaw (96), that this 
factor was responsible for the spread in shear stress-shear strain curves
for specimens or m e  same joint tuxon-nebb.
Results from the silver joints were compared with results obtained 
with polycrystalline silver tested in the same way, and in all cases the 
joint had a higher strength than the polycrystalline silver. This was 
thought to arise from inhomogeneous plastic straining due to the presence 
of the rigid interface which increased the work hardening rate.
3.2.2 Strength of Base Material
The effect of the base metal in a butt joint in restraining the filler 
metal, was noted above. From this one might anticipate that base metal 
strength would play a part in strengthening the brazed jo^nt.
In fact, Orowan et al (98) using a situation analogous to the butt 
joint, i.e. a circumferentially notched cylindrical rod in tension, derived 
an equation of joint yield strength
6*z(yield) = €Ty (l + d/6t) 3*1
where &  y = braze metal yield strength
d = braze diameter
t = braze thickness
In the derivation of this equation, it was assumed, that the base metal
does not deform and that no work hardening occurs in the braze metal.
From the equation it can be predicted that the joint strength should be 
independent of base metal yield strength as long as the base metal yield 
strength is greater than the tensile strength of the brazed {Joint.
However, once yielding of the base metal occurs, the plastic constraint 
conditions are partially relaxed, leading to increased strain in the braze 
and failure in the joint.
Work done by Bredzs and Miller (82) on brazed lap joints in stainless 
steel and Hastelloy X using silver and nickel brazing alloys, found that 
no significant trend in any of their results could be attributed to the 
effect of base metal mechanical properties. On the other hand, there was 
a noticeable effect of filler metal composition on the shear strength and 
a lesser effect on the tensile strength of the brazed joints.
3*2.3 Filler Metal Composition
Consideration of equation 3*1 for butt joint strength, indicates that 
the joint stength should be directly proportional to the strength of the 
braze material* Colbus et al (95) who studied this effect, actually 
found a decrease in joint strength when the yield strength of the braze 
metal was increased. However, this increase in yield strength was achieved 
by increasing the silicon content of the filler alloy, which also results 
in the formation of an intermetallic layer at the braze interface. It is 
probable that this reduced the interfacial bond strength so much that it 
negated any effect that an increase in yield strength might produce.
Whilst these results seem valid for the particular system tested, i.e* mild 
steel joined with copper-zinc-silicon alloys, the results do not indicate 
a general tendency for all braze systems, nor do they provide any funda­
mental information about the effect of braze metal yield strength
Saxton et al (2*f) have also investigated the relationship between braze 
material strength and joint strength, using butt joints in both drill rod 
and maraging steel brazed with two silver alloys. They found that in both 
cases, increases in the braze metal yield strength were accompanied by 
increases in the tensile strength of the joint if the yield strength of the 
base metal exceeds the fracture strength of the joint. From the 
experimental results, in conjunction with the work of Orowan (98), a model 
of the mode of fracture in both thick and thin joints was developed.
The model considers the presence of pre-existing defects (micro-voids) 
in the braze metal, thought to be associated with solidification shrinkage, 
and examines the influence of hydrostatic stresses on the growth of these 
voids. Void growth and coalescence was thought to produce ductile failure 
in both thick and thin joints, although the primary driving force for void 
growth was considered to change as the thickness/diameter ratio decreases.
A mathematical solution for the size of the plastic zone and the growth 
of the spherical void under hydrostatic tension was obtained. From this, 
it was concluded that direct void growth under the influence of hydrostatic 
tension, is an important factor in the ductile failure of very thin brazed
joints, similar caxcuxatiuue iui mj.wv j v / . . * . * —  ---  --------
tension contributes little to void growth. It was concluded, therefore, 
that in thick joints, void growth occurs in the presence of large uniform 
strains, whilst in thin joints, void growth results from localized 
deformation due to the presence of large hydrostatic stresses. Strain 
hardening in the braze metal is found to be an important factor in delaying 
fracture in both cases. The role of strain hardening in joint strengthen­
ing was found to change from one of delaying macroscopic instability in 
thick joints to the microscopic role of delaying microvoid coalescence in 
thin joints (99)*
i
3*2.4 Other Factors Affecting Joint Strength 
Other factors which have been found to influence the strength of 
brazed joints are:-
(a) Cooling rate (24). Increasing the cooling rate can introduce 
residual stresses into the joint, thus reducing the strength.
(b) Surface condition of the parent metal. This is related to wetting as 
discussed in a previous section.
(c) Brazing alloy preplacement (101, 102). Schillinger et al (101), found 
that the use of void filler metal preplaced in the joint was most 
beneficial in overcoming hitherto erratic joint quality in steel 
joints. These observations were made from the fracture surfaces 
obtained after breaking under three-point bent beam loading conditions; 
no strength results were given. In all the experiments, a flux was 
used and a controlled atmosphere* Wysopal and Bangs (102) found
that variations in filler metal paste application quality affected 
final braze quality, marginal paste application causing a reduction 
in alloy flow capability and in joint strength, to the extent of 20 - 
30$, depending on joint width.
(d) Brazing temperature (19, 103). In brazing, the limits of the brazing 
temperature lie between the lowest surface temperature at the joint,
which will allow the filler metal to spread and bond on the base 
metal, and the maximum temperature above which damage would result 
to filler alloy, base metal or flux (104). Feduska (31) found 
that the wettability of high temperature alloys by brazing alloys, 
decreased as the brazing temperature increased above the nominal 
level (taken as 30° C above the brazing alloy liquidus temperature). 
This was thought to be due to an increase in reactivity between the 
brazing alloy elements and the base metal at the higher brazing 
temperatures. Colbus et al (95) found that joint strength could 
be affected by brazing temperature; this was also' a result of 
diffusion and alloying.
Base metal - filler metal alloying. Apart from the relationship 
between alloying and ’wetting* and thus on strength, base-filler 
metal alloying alone can affect the strength of a joint. For 
example, a high solubility of base metal in filler metal can lead 
to a reduction in joint strength due to erosion of the base metal 
(105). Formation of intermetallic compounds at the interface 
could also limit the joint strength. However, alloying can also 
result in joints of higher quality as foundiwhen soldering copper 
with a tin-lead alloy (95)- Formation of a ternary tin-lead-copper 
alloy in the joint results in a higher joint strength than when the 
same solder is used on steel.
New metal joining problems were posed by the appearance of new 
structural materials whose improved mechanical properties and resistance 
to various environmental influences had to be matched by suitable joining 
materials. Solutions to some of these problems were found in specially 
designed base metal brazing alloys; in many critical applications, how­
ever, it was found necessary to use brazing alloys based on noble metals. 
Palladium, platinum, gold and silver based brazing filler metals are now 
being used, in industry, at an ever increasing rate.
Jjf.l Gold Based Alloys
Amongst the brazing alloys based on the noble metals,’ the gold based
brazing alloys occupy an important place. Some of their primary advant­
ages are *• -
(i) resistance to high temperature oxidation
(ii) operating temperatures of around 600°C
(iii) very little erosion attack to base metals such as stainless 
steels, super-alloys and refractory metals
and (iv) free flowing characteristics in hydrogen or vacuum brazing.
Compared with the high-nickel alloys, the gold alloys generally have 
a lower hardness, better ductility and less tendency towards intergranular 
penetration (115).
Lists of the industrially important gold based alloys, and some of the 
advantages, are given by both Schwartz (115) and Sloboda (l2l). In the 
main, the alloys are based on the gold-copper, gold-nickel and gold-palladium 
systems.
The largest consumer of the gold-copper alloys is the electronics 
industry, where they are widely used in the fabrication of wave guides, 
electron tubes, valves and vacuum devices. Their freedom from volatile 
materials, corrosion resistance and ability to wet a number of materials 
such as tantalcum, niobium, tungsten, molybdenum and cobalt, proves most 
useful in such applications.
Table 4.1
(a) Comparative Data on the Oxidation Resistance of Gold-Nickel and 
Gold-Copper Brazing Alloys
Time and Temperature 
in Static Air
Degree of Damage
82.5 Au - 17*5 Ni alloy 80 Au - 20 Cu alloy
200 hrs at 8l5°C Less than 0.001 inch 
attacked
0.002 - 0.005 inch 
attacked
500 hrs at 8l5°C Less than 0.001 inch 
attacked
Complete oxidation
1300 hrs at 8l5°C 0.001 inch attacked
200 hrs at 926°C 0.002 - 0.005 inch 
attacked
Complete oxidation
500 hrs at 926°C 0.002 - 0.005 inch 
attacked
Complete oxidation
(b) The Effect of Temperature on the Tensile Properties of Joints 
Brazed with 82.5 Gold - 17.5 Nickel in Steel A151410. T&pieal 
Value of R.T. Strength of Gold-Copper Alloy'Brazed Joint included
for Comparison. - -  5 - • -
Test Temperature U.T.S. MN/M2
°C
82.5 Au - 17.5 Ni alloy 80 Au - 20 Cu alloy
20 13.13 x 102 .^633 X  102
260 13.13 x 102
540 2.78 x 102
650 4.63 x 102
ing without a flux. However, the alloys are suitable for flux brazing.
A modification of the gold-copper alloys are the gold-copper-nickel 
alloys, the addition of nickel giving improved wetting. These alloys are 
used on difficult-to-wet metals such as tungsten, molybdenum and low 
thermal expansion alloys. However, the nickel content increases the 
erosion of pre-metalized surfaces if temperature and brazing time are not 
properly controlled.
The ability of nickel to increase flow characteristics led to the 
development of a family of gold-nickel brazing alloys. These alloys show 
good high temperature strength and oxidation resistance. ', In fact the gold- 
nickel alloys .have all the useful properties of the gold-copper alloys 
coupled with much better high temperature properties (107,) Table 4.1. A
number of-gold-nickel alloys are available, Table 4.2, :although ndhe' “
contain more than -35 wt % nickel as these have relatively inferior joint 
filling properties due to their wide melting ranges and high viscosity*
Table 4.2
Composition by Wt.
Melting °nrange CAu Ni Cu Others
Solidus Liquidus
82.5 17.5 950 950
68 8.9 22 1.0 Cr 960 980
0.1 B
75 25 950 990
72 22 6 Cr 975 IO38
65 35 - -
950 IO70
Of these gold-nickel alloys, the one which is most widely used is 
gold - 17*5 wt % nickel alloy, which has a very high strength and excellent 
corrosion resistance. Due to its favourable melting point and wetting
and flow characteristics on tungsten, mo-Lyuuexmm cum ouaxuxtuu --
is widely used for brazing these metals to copper, nickel and the glass 
sealing alloys, Kovar and Rodar. The single melting point of 
this alloy is of particular value for brazing metals haying widely 
different thermal expansions; e.g. copper to Kovar or molybdenum. The 
absence of a freezing range removes the problem of hot tearing in this type 
of joint.
This alloy wets a wide range of high temperature iron and nickel 
based alloys, and various ihconels, very well. Added to this, it does 
not alloy excessively with these materials or produce the severe inter- 
granular penetration normally associated with the nickel-based alloys 
containing boron, which is added to lower the melting range of the alloys.
The gold - l8 wt % nickel alloy has been used in relatively large 
quantities in the aero-space industries, in aircraft engines, and was for 
example, used in the fabrication of the lunar module of the Apollo space­
craft (122) and was also one of the three filler materials used in brazing 
the thrust chamber of the F-l engine powering the first stage Saturn V 
launch vehicle (1230*
When, in addition to all the useful characteristics of gold-nickel 
alloys, complete freedom from oxidation is required, the gold-palladium 
alloys and gold-palladium-nickel alloys can be used. These materials, 
some of which have relatively high melting points, up to l400°C (gold- 
25 wt % Palladium) are also found useful in the first stages of step 
brazing, which utilises brazing alloys of progressively lower melting 
points to braze an assembly in a series of heating operations.
4*2 Otter Precious Metal Brazing Alloys
Although a large number of the precious metal brazing alloys are 
based on gold or silver, palladium has found increasing use as an addition 
to brazing alloys. Its addition to known filler alloys such as, for
wetting and spreading characteristics (124). Arising from these findings, 
a range of palladium containing alloys was developed (125^ * These alloys 
based mainly on silver, contained between 5 and 33 per cent palladium and 
were found highly suitable for joining nickel containing alloys, both to 
nickel based alloys and to other materials such as cobalt based alloys 
and steels. The alloys with high palladium contents have service temper­
atures of up to 800°C.
An example of the use of palladium containing brazing alloys is again 
found in the F-l rocket engine where the thin walled tubing in the thrust 
chambers were brazed using a 75$ silver - 20$ palladium - 5$ manganese alloy 
(126). This alloy's excellent wetting characteristics ensures a gas- 
tight seal between tubes, its ductility reduces the danger of stress 
cracking, and it is free from any significant tendency to erode the base.
Platinum is also finding industrial uses in joining. With its good 
electrical conductivity and high heat resistance, platinum has a coefficient 
of thermal expansion similar to that of certain glasses and is useful in 
many electrical and electronic applications such as glass to metal sealing 
in vacuum tubes (126). Ruthenium is also mentioned as an addition in a 
molybdenum-rhenium brazing alloy for use with tungsten based alloys.
The advantages obtained with gold based brazing alloys are applicable 
to most precious metal based alloys and as long as these qualities are 
necessary, the expense of such alloys will remain of secondary importance.
4.3 Properties of Gold/Nickel Brazed Joints
As shown in the previous sections, the properties of brazed joints 
depend not only on the inherent strength of the brazing alloy, but also 
on a number of other factors. It should also be remembered that 
mechanical properties of brazed joints, working at elevated temperatures, 
may undergo substantial changes due to structural transformations and 
diffusion phenomena. The magnitude of this effect varies from case to 
case; in certain circumstances a complete loss of adhesion has been
found to occur (106). This was encountered in a Niraonic alloy brazed with 
gold-l8$ nickel filler metal after only 700 hours at 600°C. This was 
brought about by the coagulation of the nickel-rich gold-nickel phase, 
which increases with temperature, leading to enhanced creep and consequent 
failure of the gold-rich brazed layer.
4.3*1 Oxidation and Corrosion Resistance
One of the main reasons for using gold-based alloys in brazing, is 
their oxidation resistance at high temperatures. The extent of this 
resistance in the gold-l8$ nickel alloy has been shown by Hoffman et al
(107) who found only slight penetration (l - 2 mm) of the filler, at
o 3temperatures up to 800 C, after 1.3 x 10 hours at this temperature.
Above 900 C, however, it was found that penetration of between 2 - 5 ram
occurred after only 500 hours.
These figures were obtained in static conditions. However, if the 
temperature was cycled continuously between ^00°C aoad room temperature, 
with air cooling, the oxidation penetration was much greater, and after 
only 220 cycles had reached a depth of 3 ram.
Hoffman found that up to 800°C the oxidation resistance of this gold 
alloy was excellent, in fact better than a large number of nickel-based 
alloys \tfhich were also tested. Above $00° G however, oxidation resistance 
fell below that of the nickel-based alloys. In all these tests, the base 
material used was an Inconel alloy.
Although relatively thick surface oxide layers are formed on gold- 
nickel brazing alloy specimens held for a long time in air at temperatures 
of 700 - 800°C (109), test pieces brazed with this alloy have been found 
to have a high oxidation resistance. For example, Colbus and Thiel (108) 
found that in brazed test pieces held for 1000 hours in air at 800°C, the 
oxidation depth on the braze alloy did not exceed 0.026 mm. Similar 
figures are quoted by Sloboda (121). This seems to indicate that the
oxidation resistance of the gold-nickel brazing alloy, at these temperat­
ures, is attributable to some extent, to diffusion of elements, such as 
chromium, from the base metal to the filler metal.
With regard to the corrosion resistance of gold-nickel alloys, tests 
on joints in Niraonic 80 and in X8CrCoNiMo 10.6 steel made with gold-l8$ 
nickel brazing alloy are described by Steffens et al (110). The media 
used were:- (i) Tap water, (ii) 5$ SO^ and (iii) Sea water.
Possible use of this gold alloy in nuclear reactor technology 
prompted Hoffman and his co-workers (107), to test the corrosion resist­
ance of this alloy, to fused NaOH and NaF/j. - TUfy mixtures.' They found 
that the gold-nickel alloy is very resistant to corrosion by the fluoride 
mixtures and after 100 hours at temperatures of 8l5°C, the braze filler 
is unaffected. In fused NaOH, at this temperature, the filler is only
_3 Q
attacked to a depth of 0.025 mm (l x 10 ins.) and at 600 C there is no 
corrosion.
4.3*2 Tensile Strength of Gold-l8$ Nickel Brazed Joints
Hie basic characteristics of the gold-l8$ nickel brazing filler 
alloy were investigated, and compared with three other nickel-based high 
temperature filler alloys, by Chang (120). The evaluation was based on 
room temperature tensile properties of butt joints brazed in hydrogen. 
Three base materials were used; steels A1S1 405, 347 and N - 155 (See 
Table 4.3). The factors considered in this paper were the effects of 
surface preparation of the specimens, brazing time and temperature and 
joint clearance. Brazing of the gold-nickel specimens was carried out 
under hydrogen, at a temperature approximately 120°C above the melting 
point of the filler alloy and brazing time was 10 minutes.
On the basis of room temperature, joint-tensile properties at large 
clearances, the gold-nickel alloy was found to be superior to the nickel- 
chromium alloys tested. Joints of all three base materials brazed with 
the gold-nickel alloy possessed excellent strength and ductility over a
-3clearance range of !zero! to 0.13 mm (6 x 10 ins.) Over this range 
of clearances, specimens of AISI 347 and 405 almost always failed in the 
base material and although the N-155 specimens invariably failed at the 
joint, their tensile strength was practically equal to that of the base 
material.
In further work carried out by Chang (ill), the effects of temperature 
on some of the above results, was determined. In this work the base 
materials were A1S1 410 and 347, brazing atmosphere, time and temperature 
were the same as above. The tensile strength of A1S1 347 joints was 
found to be equal to that of the base metal up to 300°C with zero joint 
clearance, and up to 400 C in joints with a 0.1 mm (4 x 10 ins.) 
clearance. Hie increased hot strength at larger clearance is attributed, 
by Chang, to strengthening of the gold alloy by diffusion of base metal 
elements into the filler alloy, although one would have thought that this 
would have been more obvious in joints with smaller clearances. Joints 
in the A1S1 410 steel, in the as brazed condition, had a strength similar 
to the base material at temperatures below 260°C. Above this temperature, 
however, there is a rapid decrease in strength, and failure occurred in 
the joint. This decrease in strength of the joint followed closely a 
similar decrease in strength in the base material subjected to the brazing 
cycle and tested in tension at temperatures above 260°C. On tempering 
of the brazed joint it was found that the joints, regardless of clearance, 
exhibited tensile properties approximately equal to those of the base metal 
over the entire range of testing temperatures, i.e. most specimensfailed in 
the base metal. These joints were, however, of much lower strength, as 
much as 50$ of the untempered joints. Again, this was apparently due to 
a similar reduction in base metal strength.
Impact resistance was also tested by Chang and was found to be a 
function of base material as well as joint thickness. He found that if 
the base metal is tougher than the braze alloy, then the impact values of
the brazed specimen will decrease with increasing joint gap, as an 
increased amount of energy is applied onto a greater volume of brazing 
alloy, having a lower capacity for absorbing the energy of impact. In 
contrast, if the base metal was brittle relative to the brazing alloy, 
the over-all impact values of the brazed joint improved with increasing 
joint thickness. In the case of AISI 410 brazed with gold-l8/o nickel, 
it was found that the 0.1 mm joints had appreciably higher impact values 
than the 'zero1 joints. In fact at 650°C the impact values of the 0.1 mm 
joints were actually higher than those of the base material alone.
4.3.3 Fatigue Properties
Work has also been carried out on the fatigue properties of joints
brazed with the gold-nickel alloy (113)• The joints in this case were
-5brazed in a vacuum of-approximately 5 x 10 torr and using the two 
Nimonic alloys and the cobalt bearing austenitic steel mentioned above.
The fatigue tests were carried out at room temperature and at 500°C, 
both annealed and unannealed specimens were used in room temperature 
tests. The specimens were fatigued in tension and it was found that the 
fatigue strength, on average, was less at the temperature of 300°G than 
at room temperature. The surface finish of the brazed surfaces was 
found to play a large part in determining fatigue strength. The fatigue 
properties of specimens with finely ground surfaces were lower than those 
for specimens with rougher joint surfaces. Failure usually occurred in 
the braze and the cause was usually found to be due to voids, shrinkage 
porosity and unwetted areas.
4.3.4 Creep Properties
As a brazed joint consists of two different materials in contact, 
one would expect that diffusion might play a large part in the strength 
of a brazed joint in any circumstances which combine high temperatures 
and long times at these temperatures.
The creep behaviour of joints brazed with the gold-lo^  nickel brazing
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alloy was studied in two papers by Colbus (106, 11*0. In these, Colbus
n Oexamines the effect of temperature up to 800 C on the creep strength of 
these joints. Three base metals were used for these particular joints, 
(Nimonic 75» Nimonic 90 and an 18/8 stainless steel) although other base 
metal/brazing alloy combinations were examined. He found (106) that in 
specimens of Nimonic 90 brazed with the gold-nickel alloy, the creep 
strength fell to zero after 1000 hrs at 600°. This was also found to be 
the case in the other Nimonic alloy tested. This \ias explained by 
coagulation of the nickel rich gold-nickel phase which led to an increased 
creep rate and earlier failure of the gold-rich braze region.
•^3*5 Microstructure and Microscopy
The number of binary gold-nickel alloys that are potentially useful 
as brazing media, is relatively small and limited to alloys near the 82.5 
wt# gold-17 wt# nickel composition, which is distinguished by having a 
single melting point, thus having good flow characteristics. No gold- 
nickel alloys containing more than 35# nickel are at present used 
because they have relatively inferior joint filling properties, due to 
their wide melting ranges and high viscosity.
Fig. *f.l Equilibrium Diagram
for the gold-nickel alloys
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We can see from the equilibrium diagram Fig. *f.l, that a series of 
solid solutions are formed between gold and nickel at the higher 
temperatures on slow cooling. Belov; the critical temperature, we would 
expect the gold-nickel solid solutions to decompose to give two phases 
i.e. face centred cubic gold-rich and face centred cubic(F.C.C.) nickel 
rich solid solutions. In the case of the gold-17*5 wt# nickel brazing 
alloy, the critical temperature is around 7Z0°G.
The microstructure of the two-phase region is apparently eutectoid- 
like in appearance and in early papers (l*fl, l*f2) a eutectic between gold 
and nickel-rich solid solutions was assumed. Fraenkel and Stern, (l 
however, showed the existence of the continuous solid solution at higher 
temperatures.
Koster et al (l*f*f) showed that the solid solution, characteristic of 
higher temperatures could readily be retained upon quenching to room 
temperature. On subsequent aging treatment, between *f00 and 600°C, these 
solutions decomposed by a discontinuous reaction into a lamellar mixture 
of gold and nickel-rich solid solutions.
Hillert (l*f5) reports that ”gold-nickel alloys do not readily 
decompose by formation of a modulated structure or zones or by any general 
precipitation mechanism. Instead, there tends to be grain boundary 
precipitation”.
As the gold-nickel system contains a miscibility gap there is the 
possibility of spinodal decomposition, that is, the formation of a 
precipitate by short range diffusion leading to a periodic fluctuation 
in composition rather than by nucleation and growth. The effects of 
this decomposition are similar to those resulting from precipitation by 
nucleation and growth, i.e. decrease in resistivity and an increase in 
hardening etc. Spinodal decomposition usually results in an extremely 
fine precipitate, i.e. of the order of 100 R (1*1-8).
A number of investigations have been carried out into the possibility 
of spinodal decomposition over a range of solid solutions in the gold- 
nickel system, and both chemical spinodals (l*f9) and coherent spinodals 
(l*f7, 158) have been determined.
For solid solutions there are two spinodals, the che mical spinodal 
which is defined by equation (*f.l).
i p  = 0 (/ul)(6 c2) T,p*
when G = Gibbs free energy of the homogeneous solution
t
C = atomic fraction of second component 
and the coherent spinodal in which allowance is made for the stabilizing 
effect of the elastic energy of the coherency stains. It is the coherent 
spinodal which defines the locus of instability and which is therefore the 
physically significant parameter.
Golding and Moss (l*f7) calculated that the coherent spinodal will 
have a maximum at *f0# nickel at 0°C, although they do consider that they 
may be 100 - 200° C low as Woodilla (158) has found, using electron 
diffraction techniques, a maximum in the coherent spinodal at about kO at.# 
nickel but at a temperature of about l80°C.
The coherent spinodal temperature in the gold-nickel system has 
been studied by a number of people and a review is presented by Kimball 
and Cohen (l*f9) who suggest a temperature of approximately *fOO°C at 70 at.
# nickel for the maximum of the coherent spinodal in these alloys. In 
fact clustering at low temperatures has been reported in alloys of similar 
compositions by a number of workers, although Flinn et al (32) have shown 
there to be no evidence of clustering in the high temperature single 
solid solution. In fact x-ray measurements made at -190°C, on alloys 
quenched from above the solubility gap, showed that these alloys exhibit a 
preference for unlike neighbours.
Koch et al (137) studied the aging behaviour of gold-nickel alloys 
with compositions between 20 - *f0 at,# nickel using paramagnetic 
susceptibility measurements. Their results suggested the pres ;ence of 
super-paramagnetic clusters in alloys greater than 30 at.# nickel after 
aging at temperatures up to 200°C. The reaction leading to the 
increase in magnetic susceptibility was shown to have reached a steady 
state after 20 minutes aging at 190°C. Reversion was reported at a 
temperature of 250°C, requiring 100 minutes for completion. The 
susceptibility increases which occurred with aging, were considered on 
the basis of either small nickel-rich clusters which behave superpara- 
magnetically or on the basis of small regions of long range order. It 
was felt that the experimental evidence favoured the former mechanism, 
strongly indicated by both x-ray results and the broad composition range 
over v/hich the effect was found.
Over the same range of compositions Kimball and Cohen (149) also 
report the existence of nickel-rich superparamagnetic regions. Their 
examination of reversion, using resistance measurements indicated 
reversion temperatures of the 20 at # nickel alloy, to have a lower 
limit of 310°C. In the case of the gold -40 at # nickel alloy it was 
possible only to determine that the reversion temperature exceeded 350°C. 
Using magnetic measurements at *t.2°K, Kimball and Cohen reported clustering 
at 300°C after 2 hours, in the *1-0 at # nickel alloy, estimating the 
volume of the largest particles to be around l*f.O $?•
Koch et al suggested that the clusters were the result of 
heterogeneous nucleation and noted the x-ray evidence of Sivertsen and 
Sundahl (92) which indicated that segregation of nickel atoms may possibly 
be occurring at stacking faults during low temperature aging. However, 
Kimball and Cohen (l*f9) found no evidence that stacking faults played any 
role in decomposition and in fact found that aging proceeded with
essentially the activation energy associated with vacancy motion. Their
results obtained by electron microscopy after aging at 200°C showed the
periodic structure observed by Fisher and Embury (152), to be real and,
when observed in the gold-40 at % nickel alloy, to be in the <100>
directions, i.e. precisely that specified by Cahn (153) as characteristic
of spinodal decomposition. No overaging in the gold-nickel binary was
observed by either Koch or Kimball, or in the present work, and this was .
thought by Kimball to result because the vacancies were trapped by the
nickel-rich regions. This is also reported to be a characteristic of the
interconnected structure formed by spinodal decomposition in alloys with
a composition near the centre of the miscibility gap (154). The
tke.
occurrence of spinodal decomposition in gold-nickel system is still being
A
investigated and recent work by Hubin et al (150) reports evidence of
spinodal decomposition at 200°C in thin gold-nickel films. Previous
work on decomposition of the single solid solution in the gold-nickel
system has shown that between 400°C and 600°C this is a discontinuous
reaction (144). In single crystals the precipitation began at the
surface and proceeded into the interior of the specimen (l46). Optical
micrographs apparently indicated that the precipitation started at discrete
areas on the surface growing broader and deeper, eventually filling the
volume of the crystal when decomposition was complete. In a gold -25
°n
at % nickel alloy, Shoening and Flanders (93) showed that^ annealing at 
400°C, precipitation was complete, through a 2 mm thick single crystal, 
after 22.8 x 103 minutes. In polycrystalline specimens, decomposition 
begins at the grain boundaries (144).
In a brazed joint the microstructure will also be affected by the 
diffusion of elements from the parent metal into the braze and vice- 
versa. The effects of diffusion depend on time and temperature of brazing,
any subsequent heat treatments and in some cases the joint clearance.
As, for example, in the case of some nickel-chromium base brazing alloys
which with ’zero* clearance form strong joints possessing a single phase,
primarily a solid solution of chromium in nickel, whilst with wider joint
—3gaps (as little as O.OfjO mm (2 x 10 ins))the microstructure contained 
a brittle intermetallic phase (ill). Similar joints brazed with gold - 
18 wt % nickel alloy have been found to have a microstructure consisting 
essentially of a mixture of gold-nickel solid-solutions, and which is 
unaffected by joint gap (120).
Lange and Grosskurth (116) assessed the effects of holding joints, 
in NiCr 20!EiAl brazed with gold-l8 wt$ nickel, at high temperatures using 
a hot stage microscope. In earlier work by Lange (117) it was found that 
immediately after brazing, the braze metal consisted of an ot-solid solution 
matrix in which was embedded nickel-rich 0^  and the darker gold-rich 0^  
solid solutions. In the work carried out on the hot stage microscope, 
a thermal etch was sufficient to show up both the nickel-rich and the 
gold-rich phases.
Joints were examined in both the as brazed condition and after aging 
for 10 hours at 800°C. In the former case a range of temperatures up to 
1120°0were studied and although the braze alloy at the centre of the gap 
started to melt at 960°C, the outer zones were still solid at the maximum 
temperature. Ihis was due to the fact that with the base metal used, 
the proportion of nickel in the braze, nearest the interface, increases 
to nearly *f0 \jt,% during the actual brazing processs, thus raising the 
melting point (117). In the annealed joint, it was found that 
homogenization had not been completed and this was presumed to be due to 
elements diffusing in from the parent metal. Elements contained in the 
parent metal such as aluminium, chromium, manganese and silicon, have 
been found to act as diffusion barriers (118).
5.0 Calculation of Phase Equilibria
A phase diagram may be regarded as a manifestation of the thermo­
dynamics of a system, and the Gibbs free energy, defined by:-
F = H - T3 5.1 When H = Enthalpy
S ss Entropy 
T = Temp.°K
may be used to determine the stable phases co-existing in a system of 
specified composition and temperature; the most stable phase or combination 
of phases is that having the lowest Gibb*s free energy, therefore, if the 
Gibbs free energies of all possible phases in a system can be calculated 
as a function of composition at a given temperature (pressure being 
constant) it is possible to determine the limits of composition over which 
any phase or combination of phases, is stable. After repeating this 
analysis for a number of temperatures, the phase boundaries of the system 
may be drawn to produce a temperature composition diagram.
The free energy of a binary system may be related to composition by 
considering molar free energy. The molar free energy of a binary solution 
containing component M (mole fraction Xjj) and component N (mole fraction Xjj) 
may be represented in terms of partial molar free energies by:- 
F = XE*t + (1 - X) Fm 5.2
where ,F^  and F^ are partial molar free energies of components M and N in 
solution. Alternatively, for an ideal solution at constant temperature T,
the molar free energies may be expressed in terms of the mole fraction.of
/
components M and N:-
P = (1 - X) Fh + X I ' M  + ET (X In X+(1-X)ln(l-X)] + PE J/mole 5.3
where X is the mole fraction, of metal M, F^ and Fjj are the free energies of 
the pure components and are constants under the conditions of constant 
pressure and temperature. F-g is the excess free energy of mixing which
is zero when X = 0 and 1. In the regular solution approximation, Fg is
given by:- Fg = AX(l - X) J/mole 5*^
where A is the interaction parameter and is a constant.
For a ternary system L, M, N the excess free energy is given by:-
Fg = AXjjXn + BXNXL + CXlXm + D 5*5 .
The latter term is a ternary term and is usually approximated to zero, 
thus simplifying the equation. It can then be seen that each binary can 
be described by a single term and this egression will allow an approxi­
mation of the ternary system to be predicted completely from the three
binary systems if the values of A, B and C are known.
Transferring the first two terms of equation (5*3) the left hand 
side of .the equation, gives the free energy of, for example, an F.C.G. - 
phase
<
F - (1 - X) Fm - XFn = KTjxin X +(l - X)ln (l - X)^ ] + Fg J/mole 5.6
The left hand side- of equation (5*6) shows the free energy change in 
the formation of one mole of solid solution from pure components and is 
usually designated F**. Equation (5.6) can therefore be re-written as:-
= KC £x- In X + (1 - X) In (1 - x| +1^ 5.7
and since, from equation (5,1), I** = we see that if 1*1 is
independent of temperature then:-
Hm = Fe and SM = RfjOn X + (1 - X) ln(l - x)J 5.8
We can see that if H** is negative, a plot of F** versus composition will be
negative at all compositions, since the quantity - TS** is usually negative, 
indicating complete solubility unless H** is very large and negative.
Fig. 5.1 indicates the effect of the sign and size of H** on the shape of 
the free energy (F**) versus composition curve.
If H** is positive, the curves tends to be more complex, especially
M Mat low temperatures when the H term becomes more important than the -IB
term. This can cause the versus Xjj curve to become concave upwards over
a range of compositions, indicating immiscibility.
Equation 5.3 gave the free energy of the F.C.C.(X phase using the 
regular solution approximation. Using equation the free energy of a 
liquid phase L in the N - M binary system can be similarly approximated by:-
I1 = (1 - X) Fjf1, + X Tip + (1 - X)£n (1 - x2 + LX(1 - X)
5-9
Plotting free energy against composition for these two phases at
temperature T will result in curves whose typical relative position is
shown in Fig. (.5*2).
Temp. = T|
Free
Energy
X3 Xj;
At. Fraction 'M
X2 M:N.
This fig. also illustrates the partial molar free energies (or 
chemical potentials). From Fig. 5»2 we see that at temperature T in the 
N - M binary an alloy where Xm > X-^ the lowest free energy would be 
attained by a single solid solution of similarly when X< X2 the lowest 
free energy would be attained if the alloy were in the liquid state. Over 
a range of compositions between X2 and X3 however, the lowest free energy 
state would be achieved by a mixture of L +c^ , the free energy being shown 
by the common tangent between the two curves. We can see from this that 
the condition of minimum free energy and therefore equilibrium betv/een the
two phases requires that F^ | ^  = F^ Ixj, 5*10
/
and
1^  = V  K  5*11
where X^ is the composition of the + c’C/L boundary and Xj^ is the
composition of the oL + 1/k boundary.
Since the partial molar free energies of components, N and M, in the 
N'- M binary, are defined (155) as
fHL = F1 -X OfVjoc) 5-12
and
V ” = F1, + (1 -x) 5.13'
For the regular solution case Equations "%.5> 12) and (5*13) reduce to:-
FnL = FhL + RT^n (1 -X ) +X 2L ,5.14
and
= F ^  + ra£nX + (1 -X)^L 5.15
Similarly for the oI phase
= F^ f + Blind -X) +X2A ,5.16
and
+ KrXnx+ (1 -X)2A 5.17
Combination of equations (5*10) and (.5.11) with (5*1*0 - (5*17) yields
+ Rfln (1 -XL) (1 -Xpt) = X f ( A - X 2L L 5.18
and
AJ$-*L + Et2.ii (Xi/Xj) = (1 - X ^ A  - (1 -Xl)2L 5.19
where &Fj^  _>L + FNL - F$ 5.20
and
AFh ■*'L = FmL - F$ 5.21.
If the interaction parameters A and L are replaced by parameters which 
are functions of composition or temperature then more accurate but complex 
expressions can be derived. Equally, in higher order systems, for example 
ternary systems, the expressions derived are also much more complex.
This can be seen by considering the equation used in the evaluation 
of the free energy of formation of multi-component alloy compositions for 
various phases, on the N.P.L. Alloy Data System. This utilises an 
extension of the equation used for calculation of the free energy in 
binary systems i.e. Eq. 5*3* -Ei© free energy of formation F, of a phase 
from the elements in their reference phases, can be broken down into four 
parts i.e. F = F1 + F»» + F " » + F'»". 3-22
where F* represents the ideal entropy contribution and in an n component 
alloy is given by the expression:- F* = ET x^  Inx^  3*23
i = 1
FM represents the energy of transformation for an elemeht from an 
adopted reference structure to that of the phase under consideration and
F* *1 is equivalent to F^ in equation 3«3 thus representing the excess free 
energy of Mixing in the binary systems. This can include up to 20 
coefficients for each phase and binary system. The representation of 
this is based on the Redlich-Kister expression and the energy of formation 
is derived by summing contributions from each of the component binary 
systems. Therefore:
The fourth term F1'11 is a ternary term covering the excess energy due to
ternary interactions. The expression for this term is given by: 
n-2 n-1 n
is given by the summation:- F* * 5.2*f
i = 1
where B = b,. + b2T + b^T  ^+ b^ l?
C = c^ + c^T + c^T^ + c^T?
D = d^  + d2 + d^ T2 + d^ T^
E ss e^  + e T^ + ^ 3”^  *
F = f1 + f2T + f T2 + f^ T5
= XI 51 XI
i=l k+i+1 l=k+1
3.26
me equiJLiDria equations may  u e  s m v c u  x v / c u . x j  u j  uwj.j.
Raphson iteration technique. The use of a computer in conjunction with 
this technique not only allows speedy calculation and comparison of the 
free energy curves for possible phases but also allows the simultaneous 
use of the larger quantity of experimental information (156). Thus instead 
of the simple single interaction parameters used in the regular solution, 
more complex parameters can be used allowing more accurate determination 
of Ternary phase equilibria.
5.1 Evaluation of Binary System Interaction Parameters
There are in general three basic methods for determining interaction
, V
parameters which are representative of the binary systems invoked in the 
ternary. Kiese are (i) calculation from data taken from the binary 
diagram, (ii)Calculation from related physical/parameters (157)» (iii) 
experimental determination. Examples of methods (i) and (iii) are shown 
in relation to the gold-nickel in the following section.
5*1.1 Determination of Interaction Parameters in the Gold-Nickel
System
In systems containing a miscibility gap an interaction parameter can 
be calculated from the maximum temperature of the miscibility gap Tc.
A miscibility gap results in the decomposition of a single phase into 
two phases, having the same structure, below Tc. At the critical 
temperature Tc Q  E^Z^X) = (^  = 0 Combining equations (5.3)
and (.5*7) and taking the second differential:-
— § = -2A + RTc/LX (l -XH = G 5. 27
a x 2
Solving for Tc we find:-
Tc = 55 X (1 -X}/t3 A 5.28
In a regular solution X = 0.5i therefore
A = 2TcR J/Mole 5.29
Although the miscibility gap is not regular in the gold-nickel system 
this equation can provide a useful, approximate value for A.
model proposed by Hardy (159) which gives 
Fg = XY B0 + Bx (X - Y)
FE = X(1 - X)Bq - B^l - 2X) 5.31
5.50
Another model, which has been shown to give better results than the 
Hardy model, equation 5*20 (159) was proposed by Lumsden (160) where
C1 and Cg are the tvro parameters to be determined, r is the ratio of 
the atomic radius of component 2 to component 1, and Z is the co-ordination 
number of the atoms in the solution. In his monograph, Lumsden set
The models proposed by Hardy and by Lumsden were compared with experi­
mental results for binary systems, exhibiting miscibility gaps, by Sundquist 
(l6l). He found that in the gold-nickel system, the sub-regular solution 
model over-estimates the free energy of mixing function by a factor of about 
1*9 whilst the Lumsden model gives results which are close to being within 
experimental error of the experimental results. In the binary systems 
compared by Sundquist, the Lumsden model was found to be superior to the sub­
regular solution model. This was particularly true for systems which have 
miscibility gaps far towards one side of the phase diagram, such as the 
gold-iron and bismuth-zinc systems for which the sub-regular solution model 
gives large errors1.
The parameters A*], A2, B*j and B2 can be determined either from.the 
phase diagram or from activity data? considering equilibria at two temper­
atures enables four linear equations in the four unknowns to be obtained.
The present \rork has used the two parameter model proposed by Hardy, to 
determine the parameters, used in the inital work on the gold-nickel-silicon 
ternary calculations. The calculations were made at 650°C and above and
F(X1T) = C1T + C2^>
'X +'r2(l-X) X+(1-X)r5
X(l-X) cl(g)
ZRT X+r8/3(l-X)3
3.32
C'i(T) = A1 + B-j T 3.33-
equation 5*32 then becomes:-
this model was considered acceptable since it was snown to give gooa 
agreement with the experimentally determined miscibility gap at temperat­
ures above 700° C and at compositions greater than 50 at % nickel. Fig. 8.9-
Activity values for the gold-nickel system have been determined 
experimentally by Sellars and Maak (162) and also by Tomiska et al (163)* 
The former used electromotive force (E.M.F.) measurements using galvanic 
cells with solid electrolyte, whilst the latter used a Knudsen cell-mass 
spectrometer combination to obtain values for liquid gold-nickel alloys.
In the determination by Sellars and Maak a galvanic cell having a
solid zirconia-calcia electrolyte was used to determine the activity of
’ onickel in ten gold-nickel alloys at four temperatures between 775 0 and
935°0. The cell reaction which is discussed for a similar cell by Rapp
and Maak (l6*f) gives a direct measure of the activity of nickel in the 
alloys as
In aNi(alloy) = -2FEI/ST 5*35
where ajfa (alloy) is the activity of nickel in the alloy, F is Faradays 
constant and E is the measured -E.M.F.
From the values of a^(alloy) so derived, the activity coefficients,
V can be obtained across the system where
Yfli = aNi/%i 5.36
where is the mole fraction of nickel.
From this the activity coefficient of gold, V aii can calculated
using the Gibbs Diih.em integration according to the equations
%i
InVAn = lnfe + J ln^Ni dKw
1 - NNi K  (1 - %i)2
Using equation 5-38, the functioncan be calculated where
°^ Ni = lnyNi 5^3
(1- Nni)2
and from this the excess free energy of mixing can be obtained:-
/ S = RTCl - NNi) f e  Ni dItN. 5.39
where /S = FE ^RTO^.lnt^. + NAu Mf^j] 5-bO
The Knudsen effusion method for measuring activities of the 
components of a binary alloy system, uses the partial pressures of an 
ion species measured by a mass spectrometer. The alloy is heated to 
temperature T in a closed cell which has an effusion orifice of known 
area. This method makes use of the fact that, in a binary system, and 
with a pure component as the standard state then:
N1/TN1
111 a1 = - /h2 d 5*
N., = 1
where and I* are the ion currents of the two components of the binary 
alloy.
A form which is more suitable for graphical integration is obtained 
from this equation by considering the activity coefficient.
6.0 Experimental Techniques
6.1 Specimen Preparation
6.1.1 The Materials
The base metal used in this investigation was an oxidation resistant 
steel with the trade name Jethete 152. This was supplied as bright 
ground rod of § ins and ins diameter. The material was used in the 
normalised and tempered (at 600°C) condition, i.e. tempered martensite. 
Base Metal
The brazing alloy used was the gold based kkl alloy supplied by 
Engelhard. This is a single melting point alloy which melts at 950°C and 
can be used for brazing at 970°C and above.
Element wt % Fe G Cr 'Ni Mo V Mn P s Si
Jethete 152 Bal 0.1 12 2.5 1.8 0.30.6 O^ p 0.03
may.
OJ313max. 010-0*33
Table 6.1
Brazing Alloy
Element wt % Au Ni
kbl 82.5 17.5
Five samples of gas atomised hUl alloy powder were supplied, in which 
production variables had been introduced. It was hoped that this would 
give rise to variations in particle size distribution in the powder, 
which would in turn lead to changes in the characteristics of the powder 
as a brazing alloy paste.
The bkl alloy powder samples were as follows
Batch No. 28 27 30 26 29
Nozzle Dia. MM 2 2 2 2 2
Gas Pressure p.s.i. 70 80 90 90 90
Melt, temperature °C 1200 1200 1200 1300 l*f00
6.1.2 Powder Characteristics
Given the small size of the samples available the only viable method 
available for determining size distribution was the Coulter Counter. 
Although it would have been possible to get down to a particle size of 
5pm, using wet sieving, the errors involved in weighing the small 
amounts available would have been too great.
The main problem encountered with the Coulter Counter was in 
obtaining a suspension of the bkl alloy powder. Because of the density 
of the powder, only the finest particles would remain in suspension. A 
number of dispersants and electrolytes were tried and eventually the 
electrolyte used was one containing 23% Isoton, 73%° Glycerol with 3% by 
weight salt; this latter was added to increase the electrical conduct­
ivity of the solution. This solution was allowed to settle under a 
reduced pressure in order to remove any air bubbles, which would have 
been considered as particles by the Coulter Counter, and also filtered 
using a 0.8pm poitsize, membrane filter. With continuous stirring it 
was then found possible to obtain an adequate suspension of the Au-Ni 
powder, and good reproducibility of results was achieved.
Only powder in the -80 pm range could be analysed on the Coulter 
Counter and dry sieve analyses were carried out on the five samples, using 
a Frisch ,Analysettel vibratory sieve apparatus, to obtain the size 
distribution of the +80pm powder.
6.1.3 Particle Shape
Samples of the gas atomised powder were suitably mounted and examined 
in the scanning electron microscope. A comparison was made between gas 
atomised powder and a water atomised powder.
Production of Brazing Paste
The brazing alloy was preplaced on the specimen as a paste which 
could be applied in measured amounts from a syringe. Initial experiments 
used a volatile organic carrier, !lTensol 6,!, based on methyl 
methacrylate. This carrier was found to be unsuitable in that it
tended to dry out during mixing with the powder and even in capped syringes 
the shelf life was very limited as it tended to settle out over very 
short periods and dry out over longer periods of time.
A second carrier was finally used in production of the paste. This 
was an Edward’s proprietary brand carrier which, having an aqueous base, 
is much less volatile. The paste was mixed in a mortar and pestle to get 
the paste thoroughly ’’wetted out”, and then loaded into a syringe. The 
proportion of powder to carrier was 9*1 by \-;eight. The paste thus mixed 
did not settle out significantly and if■ kept in a humid atmosphere, 
exhibited a long shelf life.
6.2 Choice of Experimental Parameters
Factors affecting joint strength such as cooling rate, (2b ) surface 
condition of parent metal and brazing alloy preplacement (101, 102) were to 
be kept constant in specimen preparation.
6.2.1 Brazing Atmosphere
Brazing was carried out under vacuum thus permitting fluxless brazing
and closely similar to industrial methods. In industrial brazing a vacuum 
-3of 10 Torr has been found to be adequate} however on the equipment used
-5for these experiments, the pressure was .better than 5 x 10 Torr at 
brazing temperature.
6.2.2 Joint Gap
Initially the range of joint gaps used in this investigation was 
from ’zero*, in fact about 8 pm (0.3 x 10*"^  ins), to 3&L pm (15 x 10*"^  
ins). This was the range used in the industrial applications for which 
this brazing alloy is used. The range was eventually extended to b37 pm
(l8 x lO”  ^ins). This limit was set by the practical difficulties of 
preplacing enough alloy to fill the larger joint gaps.
The specimens were made to be self jigging to maintain a constant 
joint gap over the whole length. Fig. 6.1.
6.2.3 Brazing Temperature
Two brazing temperatures were used, these being 970°C and 1000°C.
The melting point of the brazing alloy is 950°C, thus making 970°C the 
minimum temperature which can be used,whilst brazing at temperatures 
above 1000°C would destroy the heat-treatment of the steel.
A further consideration when using this alloy for vacuum brazing is
o -5the vapour pressure of gold; at 1038 C this is 10*" torr and therefore 
brazing at temperatures above this could result in significant loss of 
gold from the alloy.
6.2.  ^ Specimen size
Two specimen sizes were used during this investigation, these are 
best characterised by the pin diameters of 8 mm and 9*55 mm, Table 6.3* 
Originally the larger specimen size was used to remove any effect of 
yielding in the pin on the failure of the joints. The two specimen 
sizes also enabled the investigation of the stress concentrations arising 
in the joint. The effects of varying the brazed joint length and the 
fillet radius were also examined.
Table 6.3 Specimen Notation
Specimen No. Pin Bia. Braze Temp..
mm °C
J(X)B 8.0 970
J(X)D 8.0 1000
J(X)D.L. 9.6 1000
6'.3 Design of Test Specimen
A description of the various designs of joints and their suitability 
for use in tensile tests for joint strength determination was discussed
7b
Fig. 6.1
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earlier (Section 3.1). The ring and plug type design was chosen for this 
investigation because it was thought to be not only representative of the 
type of joint found in service but also providing a test of the filler metal 
rather than a type of joint. It also had the advantages of being self- 
jigging, and having an easily variable joint gap.
The specimens were machined to the specification shown in Fig. 6.1; 
the figures shown are those for the smaller specimens. In the case of 
the second, larger, specimens the ring diameter was 19*05 mm (0.73 ins) 
and the pin diameter was 9*323 mm (0.373 ins). The pins were ground 
to size on a centreless grinder and the effect of a varying joint gap, 
in the finished specimen, was obtained by plunge grinding the pin, over 
part of its length, to the appropriate depth. The 'step' at the bottom 
of the pin was left to provide self-jigging.
The rings were drilled and reamed to take the pin and their faces were 
ground parallel•
6.3*1 Brazing Procedure
The surfaces of the steel specimen were left as machined, i.e. the 
internal surface of the ring had a reamed finish, the plug having a 
ground finish. Cleaning was carried out ultrasonically, in industrial 
methylated spirit, (I.M.S.) soon after machining. The specimens were then 
stored in I.M.S. until needed for brazing. The specimens were assembled 
and the brazing paste applied in measured amounts from a syringe, both 
the weight and volume of the applied paste was measured. The specimen 
was then transferred to the furnace.
Brazing was carried out in a molybdenum wound, cold wall, vacuum
furnace. No flux was needed in the brazing operation. A vacuum/better
than 1 x 10 torr was attained before heating commenced and the time taken
to reach temperature was about 3^ minutes. The length of time at
temperature was 12 minutes; this allowed 2 minutes for the specimen to
attain the temperature shown by the thermocouples. At brazing temperature
-3the pressure was between 2 - 5 x 10 torr. The brazed specimen was then
furnace cooled and about l-J hours taken to reach 200°C.
6.3.2 Post-Brazing Preparation
Brazed specimens for tensile testing were machined down to size as 
shown in Fig. 6.1. This entailed removing the self-jigging step on the 
pin and also machining away the fillet left after brazing, using a machine 
tool with a radiused tip, ensuring a constant size and radius fillet. 
Further machining is carried out at the base of the specimen to reduce the 
length of the joint to the required dimension.
6*^ Specimen Testing
Tensile Testing
Tensile testing of the brazed joint was carried out, at room 
temperature, on an Instron testing machine with a capacity of 100 KN. The 
crosshead speed was 0.5 mm/min. A minimum of four specimens were tested 
for each combination of variables e.g. four with 25^ ^ m joint gap brazed 
at 970°C and four with 25^ yumi joint gap brazed at 1000°C.
The specimens were tensile tested using specially made grips, see 
Fig. 6.2. These were machined from Nimonic 80 and consisted of a 
conventional top grip into which the pin could be screwed and a second 
grip suitable for holding the ring. This was made in two parts, the cap 
being placed over the pin and down onto the ring. This would then be 
screwed down onto the second part of the grip, thus clamping the ring 
into the lower grip. Centering of the specimen in the lower grip was 
ensured by means of a recess machined into the lower part of the lower 
grip.
In conjunction with the tensile tests, acoustic emission from the 
specimen was monitored.
6.^ .2 Acoustic Emission
Acoustic emission may be defined as the stress or pressure waves 
generated during dynamic processes in materials.
sr'
The monitoring equipment used in this investigation consists of a
: Units in millimetres
x-— Drilled and tapped 
to 5/16" B.S.F.
Upper grip
Diagram of grips used for tensile testing brazed .joints
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between specimen and 
transducer to be 
made
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Accoustic emission
transducer
Brazed specimen
Lower grip
Sketch of the arrangement for obtaining accoustic emission 
during tensile testing of brazed joints
very sensitive mgn rrequency transaucer, \a iorm 01 micropnone, dui, 
sensitive from upper audible frequencies to 500 k.H-j ) which is attached 
to the specimen under test, Fig, 6,3 and coupled to it with grease. 
Electrical insulation, to avoid background interference, was accomplished 
by interposition of a .layer of grease between the transducer and the 
specimen.
As a specimen is loaded, plastic deformation in the specimen causes 
a series of high frequency pulses to be emitted which are sensed by the 
transducer, These are filtered, shaped and amplified, then amplitude 
sorted, a range of output levels being available from the equipment,- 
corresponding to pulses of different levels, The pulses are then counted, 
the number being displayed electronically, A chart record of either the 
cumulative total of pulses occurring as the test proceeds or the number of 
counts occurring per unit time is also obtained. The equipment can also 
measure count rates over a specified time interval rather than total counts. 
Both these methods were used during this investigation. Similar tests were 
carried out on brazed specimens and on control specimens having the same 
shape as the brazed specimens but containing no brazed joint. Results were 
also correlated with optical observations on specimens in which loading had 
been stopped before failure. In this way, observed specimen damage could 
be correlated with acoustic noise.
6.4.3* Shear Specimens
The ring and plug specimens used in this work, test brazed joints in 
shear, and it was therefore decided to compare the results against the 
shear strength of the bulk gold-nickel alloy in the as cast form.
The shear strength of the gold-nickel alloy was determined by means 
of a torsion test carried out on hollow cylindrical specimens machined from 
the as cast material, Fig. 6.4. The dimensions of the machined 
specimens were chosen to comply with those suggested by Templin and 
Moore (100) as giving satisfactory shear strength determinations. That
Fin.6 A
Shear Test Specimen
Units in millimetres.j
10.1
11.7
End Section
2 mm radius
11.7
7.68 2.0
is, a ratio of outside diameter to wall thickness of 12- 14 to one, and a 
ratio of length of^ the .thin walled section to diameter, of about 0.5 to one.
6.5 Metallography ..
Specimens were examined in the as-brazed condition and after tensile 
testing. They were examined in the unetched condition, to determine the 
extent of porosity in the braze, and in the etched condition. Although 
a number of etches are specified as being useful for gold-nickel alloys, 
see Table 6.5, -the presence of the steel,. in. contact' with the gold-nickel 
alloy, reduced the efficacy of a number of these etches.
Table 6.3 
Standard Etches 
For Gold Alloys
1
2
4
An electrolytic etch, anodic treatment in concentrated 
hydrochloric acid containing a little ferric chloride, was also found to 
be affected by the presence of the steel in these specimens.
Etches 2 and 3 were found to give reasonable results with the brazed 
specimens but the etch which was found most useful throughout this 
investigation was an etchant usually used for nickel alloy which 
consisted of a mixture of 50% nitric acid and 50% acetic acid. At room 
temperature, satisfactory results were obtained after 10 - 30 seconds with 
this etch.
Etch Comments
Potassium Qyanide 10% in 
water
A fresh solution, 
warmed if necessary, 
must be used for each 
experiment.
Ammonium Persulphate 10% 
in water
Attack may be speeded 
up by addition of 2% 
Potassium iodide.
Tincture of Iodine 50% 
solution in aqueous 
Potassium Iodide
Tincture of Iodine 
2% iodine in methanol
Potassium Sulphide 
Solution
Hot. Particularly 
useful for gold- 
nickel alloys.
Aqua-Regia
■
Hot
6.5.1 Microhardness Measurements
Microhardness measurements upon as-brazed specimens, and specimens 
which had been tensile tested, were made using a Leitz microhardness tester. 
A load of 50 grams was used, this being found by experience to give an 
indentation which can be measured with accuracy but which is small enough 
to be unaffected by the steel interfaces, even in the specimens with a 
51/-*- m 5oint gap.
6.5*2 Quantitative Examination
Quantitative measurements of both porosity and the second phase in 
the joints were made using a Metals Research Quantimet. Microscope. Both 
porosity and the nickel-rich second phase were measured as a function of 
the total area of the feature under examination within a given area of 
examination. Porosity was measured with the specimens in the unetched 
condition, whilst etching in the nitric acid/ acetic acid mixture darkened 
the nickel-rich phase allowing this to be measured.
7*0. Results
7.1 Brazing Alloy Powder Characterisation
7.1.1 Particle Shape
Examination of both gas and water atomised brazing alloy powder, 
using the Scanning Electron Microscope, showed a difference in particle 
shape. The gas atomised powder containing spherical particles whilst the 
particles in the water atomised powder were irregular in shape (Figs.7 .1 
and 7.2).
7.1.2 Size Distribution (+80^m)
Particle size distribution, using the Coulter Counter was only 
possible on fractions below 8Cywm, and dry sieve analysis was carried out 
on the five brazing alloy powder samples in which the production 
parameters had been varied, to determine size distribution in the +80yam 
powder. Table 7.1 shows the results thus obtained as, +100jmm, -100jum 
and -80,1x11 fractions. From the results we can see that there appears to be 
an optimum melt temperature 1300?G which produces a powder containing a 
higher proportion of -80jj^rn powders. The difference between batches 27 - 
30 is very small and gas pressure does not show a marked effect.
Table 7 .1 Sieve Analysis
Batch No. Gas Pressure 
p.s.i.
Melt Temp. 
°C
Size Distribution %
+100 ^-m -100/xm/+8(Jum -80 ju.m
26 90 1300 6.3 8.3 85.4
27 80 1200 14.7 19.0 66.3
28 70 1200 14.9 17.7 - 67.4
29 90 1400 13.1 12.0 74.9 (
30 90 1200 16.9 19.0 64.1
Size Distribution (-80 u^n)
The results of the powder characterisation, obtained using the 
Coulter counter, were plotted as histograms of frequency against log 
particle diameter and also as cumulative weight percent oversize against
S3
Fig* 7.1
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Fig. 7.2
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Mag:- 210X
\i
Fig. 7.8 J(30)D.L.
Jethete - Au-Ni joint
Brazed 1000°C with 
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Etched Nitric acid/Acetic 
acid
Mag:- 110X
particle diameter.
It can be seen from the histograms (Figs. 7.3 and 7 .k) that the five 
powders all showed a maximum at the same particle size i.e. around 10^m. 
From the graphs of cumulative weight percent against partible diameter, 
a value for the median particle (for - 8 0 powder) was obtained. The 
median diameter is the diameter which divides the results into two equal 
parts i.e. 30$> of the powder has a diameter below this value. These results 
are shown in Table 7.2.
Table 7*2
Batch No. Median Dia. 
> 0
26 42.2
27 4?.0
28 ' 45.4
29 49.0.
30 46.3
The Coulter counter results show that the trend found in the + 
powder is continued in the finer fraction, and batch 26 has the lowest 
median diameter and contains a higher proportion of finer particles.
7*2 Tests on Brazed Joints
7.2.1 Tensile "Shear* * Test
After post braze machining;, to obtain a constant fillet radius and 
ring height, the brazed ring and plug joints we re tested in tension, the 
load being applied in the axial direction. From the tensile test a plot 
of load against extension was obtained from which the failure load was 
taken. Failure stress was calculated from the brazed joint area assuming 
that failure occurs through the centre of the joint. Subsequent metall­
ography confirmed that this is the case.
The load-extension curves taken from the tensile tests showed no 
signs of plastic deformation taking place in the joint and generally had
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The effect of joint gap on the strength of joints brazed at 970°C, 
is shown in Fig. 7.5* where failure stress has been plotted against joint 
gap. It can be seen from this graph that, as the joint gap increases, 
the strength of the brazed joint shows tv/o peaks. The first peak occurs 
at a joint gap of 0.0*f mm (1.5 x 10 ins), the second at 0.25mm (10 x 
10 ins). Widening the joint gap further results in a drop in strength. 
This peak in strength at such a wide joint gap is unusual as in similar 
joints made with different materials, the peak usually occurs at much 
narrower joint gaps, typically around 0.1 mm, although Colbus (95) found 
that mild steel brazed with a Cu - Zn alloy had a maximum’ strength at 0.20 
mm. In this case however, this optimum clearance was that at which the 
best flow of filler metal occurred. In the Jethete - Au/Ni specimens, 
good flow and joint filling was found in all specimens having a joint 
clearance of 0.02 mm and greater.
To determine whether these peaks were affected by brazing temperature, 
the tests were repeated for specimens brazed at 1000°C. The range of 
joint gaps was also increased to determine whether the fall in strength, 
seen in the earlier specimens, was continued.
Fig. 7.6 (Curve l) shows that specimens brazed at 1000°C show the 
same trends as found -in the specimens brazed at 970°C although there is a 
general increase in strength over the whole range of joint gaps. A peak 
in strength was again found at 0.25 ram* decreasing at wider joint gaps.
The first peak in strength, however, can be seen to have shifted slightly
is -^2
and now found at a joint gap of 0.025 mm (l x 10 ins).
A
Upon closer examination of the load-extension curve, it was found that 
there was a small change in slope of the load-extension curve at a load 
of about 39 KN. Tests on standard tensile specimens indicated that this 
load corresponds to the yield strength of the pin. It was thought that 
yielding in the pin may have been a contributing factor to failure of the
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joints and therefore to the effect of joint gap on strength. It was 
decided to remove this possibility by increasing the size of the 
specimens, thus increasing the pin diameter, whilst maintaining a similar 
brazed area by reducing the ring height. These specimens were brazed at 
1000°C and the results are shown in Fig. 7.6 compared with the results 
from smaller specimen brazed at the same temperature. Although the 
possibility of yielding in the pin has been removed it can be seen that 
the shape of the curve has not been changed; the strength of the joints, 
however, appears to have been reduced over the whole range of joint gaps. 
It was thought that this is a result of a change in stress concentration, 
in the fillet, brought about by the change in specimen size and ring 
height. This possibility is investigated in a later section.
7 *3 Determination of As Cast Shear Strength of the Brazing Alloy
As no information was available in the literature regarding the shear
©
strength of the gold - 18$ nickel alloy, it was necessary to carry out 
shear tests on 4*fl alloy specimens.
Suitable specimens for shear testing (100 ) Fig. were made up 
by Engelhard and tested to failure on a small torsion testing machine.
The specimens were in the form of a thin walled tube, and these were 
tested to failure. The results were then plotted as shear stress against 
nominal strain and from these graphs the shear yield stress, ultimate 
shear stress and the strain at the yield stress were found. Table 7•3- 
Table 7.3
Specimen Shear Yield Stress 
Ys N/mm2
u.s.s.
N/mm2
Yield Strain  ^
£Ys radius x 10”
1 360 333 9.0
2 3^0 303 7.2
3 zao 590 11
Ave. 370 330 9.1
I^ rom this it can oe seen tnat axunougn une yie±a stress xn snecu-; uum- 
pares quite closely with the maximum strength reached by the joints brazed 
at 970°C, it does not compare very well with the maximum strengths attained 
in either of the sets of specimens brazed at 1000°C. However, as the results 
from the microprobe show, the alloy in the braze is no longer simply gold- 
nickel but contains a number of other elements. These alloying additions 
could have a large effect on the shear strength. The difference in the ' 
results could also be caused by stress concentrations arising in the 
brazing material in the joint.
7-^ .0 Metallography
Examination of sectional brazed joints, in the unetched condition 
showed that good wetting of the base metal by the brazing alloy had been 
achieved and that in most cases a sound joint had been formed. Small 
amounts of porosity could be seen in some of the joints but this was 
ali/ays found in the centre of the joint, not at the interface.
7.^ .1 Porosity Measurements
The joint clearance was found to affect both the amount and nature of 
the porosity in the joint. At the narrowest clearance i.e. 8^ 111, the joint 
was generally found to be incompletely filled. Eig. 7*7 shows that in the
narrow joints porosity is limited but as the joint gap increases, the
amount of porosity also increases. It can also be seen that the amount of 
porosity in the wider joint gaps has been slightly reduced by increasing 
the brazing temperature (Curve 2) and further reduced by increasing the 
specimen size (Curve 3)« In the latter case the amount of porosity in the
joint remains more or less constant over the range of joint gaps.
The nature of the porosity is also affected by the joint gap, very 
small discrete pores being found at the narrower gaps in comparison to much 
larger and very irregular pores in the larger joint gaps. These results 
are discussed further in Section 8.2.1.
7.4.2 Microstructure
In the etched condition the brazed joint was shown to consist of a
Fig. 7.7
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also at the grain boundaries and apparently associated with the 
. Accrk phase. The lamellar phase is particularly marked near the 
interfaces (Figs 7.8 - 7*10)* The background#phase" which etches a gold 
colour, appears to contain a very fine precipitate.
This is true of all but the smallest joint gaps. In the 8fi*m joint 
gap there is none of the globular phase present, only the lamellar phase.
In the 23 and 37 micron joint gaps only very small amounts of the globular 
phase are present, the main part of the joint having a lamellar appearance. 
Figs. 7.11.
Work on the quantimet showed no significant difference in the amount
t
of the globular phase present in joint gaps in the range 63JLxjn to *f39 
Table 7.^ , although the disposition can be seen to change with joint gap, 
being only down the centre of the joint in the 63^ in joint gap but 
spreading over a wider area in the wider joint gaps, Figs 7*8, 7 .10.
Metallographic examination of joints quenched after soaking for 13 
minutes at temperatures between 900°C and 930°C showed the dark phase to 
be stable up to temperatures approaching the original melting point of the 
brazing alloy in the joint. Between 9^0°C and 930°C the dark phase 
appeared to have been molten, being present as a very fine globular 
phase after quenching. The background , was found to be single phase 
after quenching from 900°C and, in contrast to the background^ phase" found 
in the as brazed joint, it did not etch in the nitric/acetic acid mixture. 
The grain boundary lamellar phase had also gone back into solution.
7.^ .2.1 Failed Joints
Joints which had been tested to failure were also sectioned and
polished. Stopping the test immediately the load dropped, would usually
allow a specimen to be obtained containing a crack through the length of
the joint with very little displacement between the ring and plug.
Examination of these specimens showed that the crack runs through the
centre of the joint and does not appear to be associated with the dark
phase. Figs 7.12 and 7.13« It can also be seen, Figs. 7.1^ -j 7.15i 
T,PhaseM refers to an apparently homogeneous region which could in
1'
actual.fact be multi-phase.
Fig. 7.9 J(30)DL. 
As Fig. 7.8 
Mag:- 55gX
Fig. 7.10 J(10)DL 
Jethete - gold- 
nickel joint brazed 
1000°C. Clearance 127 
microns.
Mag:- 550X
Fig. 7.11 J(2)DL. 
Jethete - gold- 
nickel joint brazed 
1000°C. Quenched 
from 900°C. Clearance 
25 microns
Mag:- 320X
- —▼ -7-.
Fip;. 7.12 J(30)DL.A.E. 
Clearance 3^ 1 microns 
Transverse section showing 
crack in brazed specimen 
stopped as the load was 
dropping.
Mag:- 11OX
Fig. 7.13 J(30)B.A.E. 
Clearance 3&1 microns 
Longitudinal section 
showing crack running 
through grains.
Mag:- 550X
Fig. 7.1** J(5)B.
Clearance 63 microns 
showing crack in failed 
specimen.
Longitudinal.
Mag:- 600X
Fig. 7.15 J(10)B.
Longitudinal section 
showing crack in 
failed joint, just 
below fillet.
Mag:- 600X
V rft. ' ' idri'
V'
* -
’■ V-
-C* • *
* - 4 ret
Fig. 7.16
Gold-nickel (18 wt $)
As cast. Etched HNiO^ /Acetic 
Acid.
Mag:- 160X
Fig. 7.17
As cast. Gold-nickel 
5 wt. % iron.
Etched as above. 
Mag:- 13CK
\
that in the failed joints there has been excessive deformation beside 
and ahead of the crack. This does not appear to reach the steel inter­
faces.
7.^.3 Alloy Microstructure
The alloy microstructure found in these joints is unlike anything 
previously reported in gold-nickel brazed joint systems (106, ll*f, 120) 
and it was felt necessary therefore, to try to explain the microstructure.
In order to determine the microstructure of the gold - 18 wt% Ni 
alloy, a small bead was cast, in a sintered alumina crucible, from the 
powder used in the brazing alloy paste, the brazing, heating, soak and 
cooling cycle being used. The nitric acid/acetic acid etch revealed a 
microstructure containing two phases, a white background phase and a gold 
coloured second’phase' (Fig.7«l6). Annealing the specimen at 900°C for 10 
minutes and then quenching to room temperature, resulted in.a single 
phase micro structure which remained white when the mixed acid etch was 
used; the two phase microstructure reappeared after soaking at 500° C for 
15 minutes. Qualitative microprobe analysis showed that both phases 
were gold rich although the gold coloured ,lphase"contained slightly more 
nickel than the white phase.
Alloys containing iron and iron/chromium, in similar quantities to 
those found in the joint, were similarly cast and examined. In both 
cases the as cast microstructure showed heavy coring and the two phase 
structure, Fig. 7.17» found, in the binary system. Quenching from 900°C 
again resulted in a single phase structure, the two phase structure again
reappearing after soaking at intermediate temperatures. This latter
go
effect^  apparently accelerated by the presence of both iron and iron/ 
chromium.
Examination of the gold coloured phase* in the binary alloy, at high 
magnification showed it to have a very fine phase associated with it. 
Soaking for long periods below the miscibility gap leads to a coarsening 
of this fine phase to give what appears to be a black precipitate. This
i s  again  noted m  "one "cernary guxu-ixxtjivex-xxuii caxwj ^uu
at temperature a much coarser phase is produced, (figs. 7.18 and 7-19)* h^e 
joint microstructure is not however, reproduced.
These results are in good agreement with the work of Koster et al
(165) on the gold-nickel-iron ternary, which showed that addition of up 
to 25 wt % iron to the gold-nickel system had no effect on the . 
miscibility gap.
Joints brazed with the gold-nickel-alloy on silver steel i.e. 
chromium free, still contained the 4^ rk '* - grain boundary phase but
not the lamellar phase usually associated with it. Microprobe analysis 
of this discontinuous phase showed it to contain silicon as well as gold- 
nickel and iron and on re-examination of the joints in Jethete, very 
small amounts of silicon were also found. This had previously been 
missed due to the fact that the silicon peak is masked by the gold M®^  
peak when silicon is only present in small quantities.
Ternary alloys of gold-nickel-silicon, down to 0.01 wt % silicon were 
made up, and these were found to contain the dark, globular nickel rich 
phase, although this was very fine with 0.01 wt % silicon -. An
alloy made up to represent the joint, containing gold-nickel-5 wt % iron - 
1 wt % chromium - 0.3 wt % silicon was also found to contain the dark^  
nickel-rich phase (Fig. 7«2l)*
Silicon might be expected to have a large effect on the gold-nickel 
system due to the fact that there is extremely small mutual solubility
(166) in the gold-silicon system and therefore little mutual affinity 
between the gold-silicon atoms. (This suggests that addition of silicon 
would cause a strong positive deviation from ideality, which would then 
favour raising of the miscibility gap.
The addition of silicon, therefore, whilst not completely reproducing 
the microstructure of the brazed joints is obviously the main factor.
Using the wave dispersive system (V/.D.S.) on the microprobe to examine 
the dark phase in the brazed joints, and looking specifically for 
all the trace elements in the steel, also showed the presence of very
Fig. 7-18
Au-Ni alloy Cast and Aged 
at 550°C for 15 hrs. 
Etched HNO-,/Acetic Acid 
Mag:- 130X
i ; S  ;•
Gold-nickel-iron alloy, 
cast and aged at 550°C for 
15 hrs. Etched HNO^/ 
Acetic Acid.
Mag:- 136X
Fig. 7.20
As cast gold -13 vi t$
nickel -1 wt% silicon.
Etched HNO^ /Acetic Acid. 
Dark nickel-rich phase
visible also white silicon
-rich needles.
Mag:- 100X
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Fig. 7.21
As Cast. Gold-nickel- 
iron (5) - chromium (-1) 
- silicon (0.3) wt?o 
Etched as above 
Mag:- 100X
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Fig. 7.22
As cast. Gold-nickel (l8) 
- vanadium (0.5) wt$ 
Etched as above.
Mag:- 520X
small amounts of vanadium* When 0.6 wt$ vanadium was added to the gold— 
nickel-iron-chromium-silicon alloy, the dark phase was found.to be present 
in both the lamellar and .globular forms and the joint microstructure was 
very closely reproduced. Figs. 7.22, 7*23#
7.4.** Qualitative Microprobe Results
(i) Spot Analysis
Spot analysis of the two phases showed the dark globular phase to 
be nickel rich. From the gold-nickel phase diagram, it can be seen that 
under equilibrium conditions, one might expect a nickel rich phase to 
start precipitating out at about 720°C as a result of the (miscibility gap. 
These initial qualitative analyses showed the dark phase to contain 
nickel, gold, iron and chromium whilst the backgroundAphase' was shown to 
be gold-rich, also containing nickel, iron and chromium. Later analysis 
also showed the presence of silicon in the nickel rich phase.
In the light of later work, further analysis using the (crystal 
spectrometer) W.D.S. showed up a very small amount of molybdenum and even 
smaller amounts of vanadium in the nickel rich phase. These had been 
missed in the Energy Dispersive System (E.D.S) because a small molybdenum 
peak in the energy dispersive x-ray plot would be hidden by the gold Lee; 
peak whilst the amount of vanadium in the nickel rich phase was apparently 
too small to be detected in the count times used in these analyses. No 
molybdenum, vanadium or silicon could be found in the background**phaseM 
using this system.
(ii) X-Ray Line Traces
In order to detect any change in concentration of any of the elements 
across the joint, x-ray line traces for the four main elements i.e. gold, 
nickel, iron and chromium, were carried out at five of the joint gaps.
This technique involves scanning across part of a specimen, analys­
ing for a particular element. The trace obtained is superimposed on the 
image of the area under analysis and the whole is recorded photographically 
Fig. 7.24.
Fig:. 7.23
Gold-nickel (18%) - iron 
(5%) - chromium (1$) - 
silicon (0.05?o) - 
vanadium (0.5^ ) As cast. 
Etched as previous.
Mag:- 520X
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Fig.7.24
X-ray line trace.for 
iron and gold, across 
interface and into 
the centre of the 
joint•
Mag:- 100QX
Fa
Au
Fig. 7.23
X-ray line trace
for chromium and nickel
As above.
Mag:- 1000X
Ni
Cr
m
At low magnifications a trace across the whole joint could oe taicen, 
and it was found that there was apparently no change in concentration, of 
any of the elements, across the joint, except in the case of nickel which 
was found to have a maximum concentration at about 4 microns from the 
joint interface. This then reduced towards the centre of the joint before 
rising at the opposite interface (Fig. 7*25^ »
Similar x-ray line traces were taken at higher magnifications and 
from these in conjunction with qualitative spot analyses, semi-quantitative 
analyses across various joint gaps were plotted for the four elements 
(Figs. 7 .26 - 7*28). From these curves it can be seen that the drop in
i
concentration of iron and chromium at the interface actually takes place 
over 6 - 8  microns, and this does not vary significantly with joint gap, 
whilst the gold trace does not reach a maximum until about 16 microns 
from the interface. However, even in the latter case this represents 
only a small distance in comparison with all but the narrowest joint gaps.
These results indicate that any iron or chromiumf dissolved from the 
steel, whilst the braze metal is molten, is evenly distributed through 
the joint and only a small amount of diffusion takes place once the 
brazing alloy has solidified and is cooling down. Diffusion of gold 
and nickel into the steel is also very small. As might be expected, nickel 
has diffused into the steel to a slightly greater extent than gold but 
the traces of both elements level off after 3 - 4  microns.
The general decrease in nickel towards the centre of the braze can 
probably be explained by the presence of the nickel rich phase which 
usually occurs towards the centre of the braze.
7*4.3 Quantitative Microprobe Analysis
Qualitative spot analyses indicated a difference in composition of 
the two phases with joint gap, and it was decided to analyse these phases 
quantitatively at varying joint gaps. A quantitative analysis technique 
with standards, was used.
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phases with joint gap for specimens brazed at 970°C. These curves show that 
at joint gaps between 63^m and 38?^m the composition of the background 
‘'phase" did not change significantly, containing approximately 78 wt# gold 
and between 13 and 16 wt# nickel, the balance being iron and chromium. At 
the lower joint gaps i.e. 23/^ m and 38/xm the percentage of gold was lower 
whilst that of iron had increased. This trend v/as continued at the lowest 
joint gap.
The nickel rich phase also remained fairly constant between 63/^ m and 
3S3-jum containing about 63 wt % nickel, 13 wt % iron, 11 wt % gold, 1 wt # 
chromium and 2 - 3 wt % silicon. The joints having clearance of 2 3 and 
38/xm contained very little of this globular second phase, which contained 
more iron and chromium and less nickel.
To determine the effects of brazing temperature on the base metal 
solution, these results were repeated on specimens in which this had been 
varied. These were compared with those obtained from specimens brazed at 
the lower temperature used in these experiments, i.e. 970°C. Comparison of 
a representative analysis at one joint gap is shown in Table 7«^ » It can 
be seen_ that in the background “phase‘,v for example, the gold concentration 
has been reduced only slightly as brazing temperature is increased, 
whilst the iron and chromium content has increased slightly. These results 
show that increasing the brazing temperature increases the amount of iron 
and chromium dissolved in the brazed joint, as might be expected.
Time at temperature would also be expected to affect the final compos­
ition of the brazed joint. With this in mind, three different brazing times 
were used on joints having a joint gap of and the quantitative
results for iron (which are representative) are compared in Fig. 7-31-
From these results it is clear that the solution of iron and chromium 
from the base metal proceeds rapidly at first. Increasing the brazing times 
to greater than 10 minutes'however, shows only a very small further 
increase in ..the iron content of the joint by comparison.
Fig. 7-29
MICROPROBE RESULTS
Au/Ni (82/18) Alloy 
Background (Light "Phase')
Element wt(^ ) v. Joint Gap (Thou)
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Au/Ui (82/18) Alloy 
Dark Phase
MICROPROBE RESULTS
Element wt {%) v. Joint Gap (Thou)
100-
C r
80-
Au
Joint Cap Microns
7-31
GRAPH SHOWING THE EFPECT OF TIME AT BRAZING TEMPERATORE
I ■  Will 1
ON 3HE PICK-UP OF M  BY THE BRAZING ALLOY
Iron concentration (wt %) v Brazing time (mins)
Nickel-rich phase
10
Iron
Concent-
Background phase
V/t %
0 10 20 30 kO 50 60 70 80 90 100 110 120 130
Brazing Time • (Mins) ^
Table 7.4 Microprobe analysis from joints with J>Slj+m Joint Gap 
Background *Phase*
Batch
Code
Brazing 
Temp. C
Pin Dia. 
ins.
Cr 
wt %
Fe 
wt %
Ni
wt %
Au 
wt %
J (15)B 970 .312 0.6 4.7 16.8 77
J (15)D 1000 .375 0.8 6.5 15.0 77.7
J (15)DL 1000 .375 1.1 7.67 14.7 74.8
Dark Phase
Batch
Code
Brazing 
Temp °C
Pin Dia. 
ins.
Composition wt#
Cr Fe Ni Au Si
J (15) B 970 .312 0.42 8.3 71.5 11.75 2.5
J (15) D 1000 .375 0.89 12.3 63.2 14.96 3.1
J (15) DL 1000 .375 1.1 14.5 61.4 15.1 1.6
Fig, 7.32
Low magnification J(20)B 
S.E.M. micrograph showing 
full length fracture 
surface of joint which had 
254 micron clearance.
Mag:- 24X
K b. 7.33 
J(20)B
S.E.M. micrograph showing 
area just below fillet 
clearance 254 microns. 
Mag:- 6lOX
Fig. 7.34
J(20)B. Clearance 254 
microns.
S.E.M. micrograph showing 
area in lower part of 
fracture surface i.e. 
'smeared* area
Mag:- 2.2K
7*5 Scanning Electron Microscopy (Fractography)
Macroscopic examination of failed brazed joints showed the presence 
of two distinct areas on the fracture surface (Fig. 7*32), and these were 
examined on the stereoscan.
Examination of the fracture surface showed them to be similar in 
appearance in all cases. The area immediately below the fillet has a 
rough appearance (Fig. 7*33) whilst the area below this has a much smoother 
appearance (Fig. 7*34). At higher magnifications the rough area can be 
seen to be "dimpled" (Fig. 7*35 & 7*36).
7.6 Hardness Measurements
7.6.1 Macrohardness Measurements
To determine whether the increase in strength of the brazed joints 
was a result of post braze variations in the mechanical properties of the 
brazing alloy, hardness measurements were taken over the range of joint 
gaps and the two brazing temperatures. To ensure that the hardness 
measurements taken, are not affected by the steel interfaces, a range of 
loads were used, such that the hardness indent was less than half the joint 
gap being tested. A standard was also tested at the various loads to 
ensure that the results obtained were comparable.
The variation of brazing alloy hardness with joint gap at two brazing 
temperatures (and two specimen sizes) is shown in Fig. 7*37* It can be 
seen that in the specimens brazed at 970°C, the hardness value of the 
brazed joint is not dependent on joint gaps between 63^m and 380/im. At 
the narrower joint gaps, however, an increase is observed. In both sets 
of specimens brazed at 1000°C, a similar increase in hardness is found in 
joints having a gap below 63/tm. In contrast, at wider joint gaps, these 
specimens show different behaviour, the large specimens showing an increase 
in hardness with joint gap, whilst the hardness of the smaller specimens 
levels off at 125/^ m clearance. The hardness values found in larger 
specimens also show a decrease at the wider joint gap, i.e. 451 microns 
(18 x 10 3 ins).
Fig. 7.35
J(20)B Clearance 25^
microns 
As above.
Mag:- 6.IK
Fig. 7.35
J(5)B. Clearance 63 microns 
As above.
Mag:- 5.6K.
JL-Lp
Fig. 7.37 THE EFFECT OF JOINT GAP, BRAZING TEMPERATURE
AND SPECIMEN SIZE ON JOINT HARDNESS
Macro Hardness (Hv) v Joint gap (Microns)
Brazing Temp. H n  Dia,
-B-- -- B-
970°C 7*9 mm (.312 ins)
-0--
1000°C 7*9 nnn (.312 ins)
-0— — e-
1000°C 9.5 mm (373 ins)
300-
280-
E a r d n e s s
Value
381127 jum
J o i n t  g a p
7*6.2 Micro Hardness Results
Microhardness measurements taken from the joint, using a 50 g load, 
showed that the dark nickel-rich, phase is softer than the background 
‘phase" and this is not affected by joint gap. The background 'phase',' 
however, showed the same trends found in the hardness measurements of the 
whole joint* (Hg. 7*38)•
Microscopic examination of the three types of specimens at a joint 
gap of 38l//.m, showed a fine precipitate to be widespread in the specimens 
brazed at 970°C whilst the specimens brazed at 1000°C only contained small 
amounts of this precipitate (Figs. 7*39 7*4l)*
To determine the effect of this precipitate on the hardness of the 
brazed joints, hardness values were taken from areas containing no visible 
precipitate, and areas containing a precipitate in the same specimen (Fig. 
7«^3)* The results indicated that areas containing a visible precipitate 
were softer, having hardness values of about 220 Hv, than those containing 
no visible precipitate, approximately 260 Hv. These figures are in good 
agreement with the values found in both sets of specimens, those brazed, 
at 970°C having hardness values of approximately 220 Hv and those brazed 
at 1000°C having hardness values which rise to around 270 Hv at the wider 
joint gaps which contain only small amounts of the visible precipitate.
These results suggest that the presence of a visible precipitate is 
a result of overageing and that the harder areas probably contain a very 
fine precipitate which is not visible under the light microscope.
To test this hypothesis, it was decided to artificially age the brazed 
joints, noting changes in both hardness and microstructure of the brazed 
joints.
7*6.3 Isochronal Ageing
In order to determine a reasonable ageing temperature, the joints 
were aged at various temperatures for 1 hour* The results are shown in 
Fig* 7*^2. The specimens, quenched from 900°C, were found to contain the 
nickel-rich phase and a background phase, different to that found in the
Fig. 7.38 JOINT MICROHARDNESS MEASUREMENTS
Microhardness (Hv) v Joint Gap
Brazing temp. Pin Dia.
970°C 7-9 mm (.312 ins)
1000°C 7»9 mm (.312 ins)
1000°C 9.5 mm (.375 ins)
300 *
280 -
(2)Ev
260 *
(1)
220
1-
0
_ T ---------------------------------------
1 2 7  J o i n t  G a p  yUIB..- > 3S1
^  - t r\ / * -  -V i'» *V*.» *. :* * 'it;
Fig- 7..39.
J (30)B
Mag:- 1320X
Brazed 970°C
Joint clearance of 3^ 1
microns.
Etched: HNO-^ /Acetic 
acid.
Fig. 7. 0^ 
J(30)D 
Mag:- 1320X 
Brazed 1000°C 
Joint clearance and 
etch as above.
; -V: . v *> r • .•<.% v r*/; ; \ ,* > * . . 7 \ V 1.
< . ^  % 04  • * « • f  . • •.k  . *  ,  * .  V  » 4  L  ^ f
• i ,  * «  . • -  • , ,  * •• • !>  .» * 1 _■Vr. . . » *^. . .
•  *  W  .  •  i  • •  . . •
*. *• 1 » « . * / . « 1 •
r v :",n.. » v *„ %*  • 4 « . V . T
4.
S * *.*?• i * r ' * S. t
• J .  .  1 •  * •  * * '  *
 ^ •’*. ■ * • * .  ^ * r,/. •; . 1 <• «* - v
' • * • • *  . ’ - ** ' **
t • .*• .-<■ •? / ‘ .• ' * ■ • ^» . - •«. ■* . . . - . *■ ■ * ■ ■ ' K >.. • A •V• c ■ ? *»-
* r  . • **".•*%
• t  '■ ; k'.’V A  ? * '*• v. ' ' . W 1**- ■
*> l * «* '
V» <% - J f /  v / A  V  '. > . ’ <
■:H  '■ '•.•■' 4  ' Fi?~
>. 1 ’ . • •• , . ; J (30)dl.
' J , *.**' *.* '• K * ** ' ’ '
. . / *. /** . , * • • * V \ Mag:- 1320X
*' >/••• . *c w
. * »  ■ * o
x  • % . • -• • •• 1 n o n  r... . Brazed 000 C
f *. • » v • • •
> . • *" h \ - ' . ' •/■ • Joint clearance and
etch as above.
y
Fig. l.hZ
ISOCHRONAL AGEING OF BRAZED JOINTS
Microhardness of Gold-rich "Phase* (Hv) v Temp.(°C) 
Solution Treatment Temp» 900° C Aged 1 Hour
Brazing temp. Joint gap 
“A —  J(30)B 970°C 381 yum
— X -  J(30)D 1000°C 381 yum
 q —  J(30)DL 1000°C
Micro 
Hardness *
Hv
200
600*f002000
Temp. °C
J(30)DL.
Clearance 3^ 1 microns.
Shows two micro hardness indents 
taken from areas showing no preci 
itate and visible precipitate 
giving Hv equivalent 281 vickers 
and 223 vickers respectively. 
Mag:- 530X
Fig. 7.M- 
J(30)DL.
Clearance 3 1^ microns 
Showing appearance of 'gold1 
coloured*phase" after 
quenching from 900°C and 
annealing for 1 hr. at **00°C. 
Mag:- 520X
Fig. 7.^ 3
J(20)D. Clearance 25^ microns 
Precipitate has appeared 
uniformly in the joint after 1 
hr. at 600°C.
Mag:- 320X
as-brazed condition, which did not etch. There were only smaH differ­
ences between the three specimens, in the hardness of this phase. Ageing 
at elevated temperatures resulted in the appearance of a second background 
Sphase" at 400°C, which etched gold and is similar to that “phase1'normally 
found in the as-brazed specimens.
It was this gold coloured, ^phase'which showed a peak hardness at 400°C 
after 1 hour. Increasing the temperature caused the hardness to decrease 
and after 1 hour at 600°C the hardness of the brazed joint had dropped to 
values similar to those found in the as brazed joints and a coarse 
precipitate had been formed (Figs. 7*44 & 7*45).
Isochronal annealing confirmed the difference in hardening of the 
three ranges of brazed specimens, since, although the peak hardness appears 
to occur after 1 hour at 400°C in all three cases (Fig. 74-2)« the maximum 
values reached were very different. This could represent either different 
rates of reaching the maximum hardness, an actual difference in peak 
hardness reached or a mixture of the two effects.
7*6.4 Isothermal Ageing
The results of the isochronal ageing indicated that ageing temperatures 
in the region of 400 - 5QQ°C should give the anticipated peak and subsequent 
drop in hardness within a reasonable time scale. In order to get the 
reactions to occur within a time comparable to those found in cooling down 
after brazing, a temperature of 500°G was used. The use of isothermal 
ageing means that the formation of the precipitate as a result of differ­
ences in cooling rate, of the different sized specimens, can be discounted.
The results of ageing the three different specimens of the same joint 
gap, are shown in Fig. 7*46. It can be seen that a peak in hardness has 
been reached very quickly in all three specimens, although at slightly 
different rates, and within ten minutes the hardness has started to drop.
The peak height also seems to be affected by both brazing temperature and 
specimen size.
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gaps taken from the batch of specimens in which joint gap was found to 
affect hardness. These results are shown in Pig. 7*^ 7* -Again the peak 
is reached very quickly and in the specimens having the narrower joint gap, 
not only is the peak hardness lower, but the final hardness is much lower 
than that found in the wider joint gap. Comparison of these results with 
those obtained from the pure gold-nickel alloy (Pig. 7«*$) indicate that 
the kinetics of the hardening process have been increased quite dramatically.
The results, particularly those from the joints brazed at different 
brazing temperatures and those with different joint gaps, indicate that 
these effects are a result of differences in composition of the joints. 
Silicon has a much larger atomic radius than gold whilst iron and chromium' 
have very similar radii to nickel, and silicon might have been expected to 
be the cause of this marked effect, rather than the iron and chromium. 
However, as already stated, only gold, nickel, iron and chromium have been 
found in the background'’phase'1 of the brazed joints. The hardening of 
isothermally aged alloys of gold-nickel-iron and gold-nickel-iron-chromium 
were compared with the gold-nickel alloy (Pig. 7«1$) to confirm that it was 
indeed the presence of one or both of these additions, which is causing this 
effect.
The results show this to be the case, following almost exactly those 
found in the brazing alloy.
As cast the structures of the alloys showed evidence of segregation, 
the remains of nickel-rich dendrites being visible. The addition of iron 
had obviously pushed the alloy away from the single melting point 
composition towards the nickel rich side of the pseudo gold-nickel/iron 
binary. In specimens used to determine the ageing curves soaking for 30 
minutes at $00°C was sufficient to remove visible segregation.
Examination of the mi’crostructure of these specimens, in conjunction 
with the microhardness results, showed that in the as quenched condition, 
the three alloys contained a single phase which would not etch, using ^ O}o 
HN0^ /30$ acetic acid mixture; this phase is presumably the same as the
uauitgrouna pna.se j-uuijlu. j l u  o n e  a.o  n u c i i o i i c u  ^ c u i c u  j v j j _ u .  u o •
After 3 minutes at 500°c? the alloys containing iron and chromium 
consisted 100% of a second phase which etched a golden colour. The gold- 
nickel alloy Contained two phases, a white and a gold phase. The gold-
nickel alloy was found to be single 'phase* again, only after 40 minutes at
500°C. The gold-nickel alloy microstructure then showed the gold "low 
temperature11'‘phase. In this alloy is can be seen that it is only after 40 
minutes that the hardness starts to rise with further ageing.
Annealing of the brazed joints at 400°C brought about the peak in hard­
ness slowly and it was possible to follow the various stages leading to the
first peak in hardness (Figs. 7-49 and 7*50). In the brazed joints,
decomposition of the high temperature solid solution started after 
approximately 10 minutes at 400°C, around the dark nickel-rich phase in the 
grain boundaries. The product of decomposition initially had a slightly 
higher hardness value than the high temperature solid solution. As ageing 
time is increased, further visible decomposition and an increase in hard­
ness occur together. Evidence of a double peak was found at 400°C in the 
brazed joints and this was still apparent to a small extent at 300°Cm It 
was found that decomposition occurred at different rates in the three brazed 
joints before going to completion. This behaviour is different to that 
found in the gold-nickel binary as in this system the hardness was shown to 
drop rapidly at first, before rising to a peak (Fig. 7«48). The rate of 
visible decomposition, as indicated by the plot of % decomposition versus 
time, (Fig. 7.50) was also shown to differ. It was found that after approx-' 
imately 20% decomposition had occurred,the curve, although becoming linear 
as found with the brazed joints,showed the rate of decomposition to be very 
much slower than, in the .brazed; joint. However, the time to 100% decomposition 
does not reflect this as, following this slow linear period, the final part 
of the decomposition occurs rapidly. The shape of this curve suggests two 
mechanisms controlling decomposition. A similar shape is seen in the curve 
after ageing at 500°C although the linear part of the curve is much
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Fig. 7.b9 COMPARISON OF ISOTHERMALLY AGED BINARY ALLOY
AND BRAZED JOINTS
Aged at *fOO°C
Gold-nickel
Joint brazed at 970°C
Joint brazed at 
u . 1000°CifOO
Kicrohardnes!
Values
300
200
100 120
Fig. 7.50
Decomposition of high temperature single solid solution
gold-nickel ) 
binary )100
) Aged 
I bOO°C
70
V/hite
phase
10 "
ELme (Mins)
shorter and steeper. Insufficient data is available to enable an 
attempted explanation of the mechanism leading to the final enhanced rate 
of decomposition found-in the binary alloy at 400°C.
7*7 Accoustic Emission
Accoustic emission equipment was used in an attempt to monitor events 
occurring prior to failure in the brazed joints.
The results obtained during the tensile tests showed that, in general 
good joints were quiet until just before failure, a burst of noise being 
noted just before failure, (Fig. 7*5l)* 3n poor joints, characterised by 
a low failure stress, noise was evident at low loads, quite often at 
loads much lower than that at which the joint finally failed. These 
results were compared with those obtained from control specimens machined 
from steel to the final shape of the brazed joints. In these specimens 
no noise was detected in the specimens until failure occurred. (Fig. 7«52).
The noise arising in the joints prior to failure was attributed to 
the initiation of a crack and to check this hypothesis, a number of 
tensile tests were stopped after the accoustic emission peak, but prior 
to failure. These joints were then mounted and polished, normal to the 
fillet and in this way any crack present could be detected. Examples of 
cracks in both horizontal and longitudinal sections through the brazed 
joints are shown in Figs. 7*12, 7.53 7*5^« It can b*e seen that there
is no visible plastic deformation associated with these cracks. However, 
microhardness measurements made just ahead of these cracks show that 
strain hardening of the braze material has occurred ahead of the crack, 
reaching a peak near the tip and tapering off towards the steel inter­
faces e.g. Fig. 7.55-
Measurements of load and extension, at which crack initiation was 
detected, enabled the work done in forming the crack to be calculated 
and this has been compared graphically with the work done to cause 
failure in the joints in Fig. 7-56. The four sets of results compared
are for two different batches of specimens brazed at 1000°C but having a 
different specimen size. It can be seen that in both cases, as the 
joint gap increases, there is an increasing difference between the work 
done to initiate the crack and that done in causing failure. This effect 
is much more marked in the smaller specimens than in the larger specimens.
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Fig. 7.33 
J19(5)DL.A.E.
Clearance 63yum. Unetched. 
Longitudinal section 
showing crack in unfailed 
specimen, i.e. tensile test 
stopped before joint failed. 
Mag:- 110X
Fig . 7 ^
J2(30)B.A.E.
Clearance 38lyUm. Etched. 
Longitudinal section showing 
crack in unfailed specimen. 
Crack has apparently 
stopped before reaching the 
porosity.
Mag:- 110X
•V
X
(PI
S s - J k S EXAMPLE OF MICROHARDNESS ]#JASU1?MWTR TAKEN'ACROSS
JOINTS OF VARIOUS CLEARANCES CONTAINING CRACKS
------- - -------------------------------------------------------------------- j----------------------------------------
(a)
Microhordness (Hv) v Position relative to crack tip
Specimen Joint Gap
Type Microns
127
254
380
280 D.L
Microhardness 
. Values
t 260 -
» (Hv)
240 -
220
Spacing of Microhardness Indents
300
. 280
260
Microhardness 
^ Values
l(Hv)
240 *
220
200
Spacing of Microhardness Indents
ffig. 7.56 ACCOUSTIC EMISSION - DEQECT CRACK INITIATION
Comparison:- V/ork done to initiate crack/Work done to failure 
Work done (KN mm) v Joint Gap Qam)
(2)
O)
—x
30-
(2) -  D cpccinens
(3) - HL {specimens
V.'ork to in it if lt f i  crock
V.'ork to couro failure
10.
Jo i r, * 'V
8.0 Discussion of Results
8.1 Brazing Powder Characteristics
One of the original areas of industrial interest in this project 
was the effect of the brazing alloy powder characteristics on the brazed 
joint. It was found, however, that the possible variations in production 
parameters produced only small variations in size distribution, which it 
was thought would be unlikely to affect the behaviour of the brazing alloy. 
This was confirmed in the subsequent experimental programme when all five 
batches of brazing powder were used with no apparent effect on either the 
paste characteristics or its ability to form a good joint.
It was noted during brazing of the specimens, however, that the paste 
characteristics are inportant in producing a good joint and although based 
only on observation of a very small number of specimens, it is thought to 
be worth mentioning in conjunction with the differences in gas and water 
atomised powder.
It was found that the efficacy of the paste, whilst not sensitive to 
small variations in viscosity, was severely reduced if the paste was either 
too thick or too thin. Although in the latter case, the transition is not 
easy to recognise, in the former, the transition appeared to coincide with 
the lack of ‘secondary* flow of the paste, on the base metal, after 
application. In both cases, the result is the same and wetting of the 
base metal during brazing is reduced, giving rise to poor joints and wastage 
of brazing material. In cases where the paste was too thin a quantity of 
ash containing very small balls of the brazing alloys was left. When the 
paste was too thick, brazing alloy was again left as balls, although in 
this case they were much larger. Paste in the correct range of viscosity 
leaves very little ash and there is no residual brazing alloy.
When the particle shape of the gas and water atomised powder is 
considered, it can be seen that this difference in the powders is important 
because of its effect on surface area of the powder and hence, on the
amount of carrier required to form a paste of a particular viscosity. It 
can clearly be seen that if the gas atomised and water atomised powders 
are mixed with carrier in the same proportions, the paste formed from the 
water atomised powder would have a much higher viscosity than that formed 
from the gas atomised powder and could clearly affect the ability of the 
brazing alloy to wet the base alloy.
. Otoo reasons for the effect of secondary flow of the paste, after 
application, on wetting would seem possible
(i) There is a minimum area of contact per volume of brazing alloy, which 
will ensure penetration of the oxide on the steel base material and thus 
allow wetting and flow. Penetration through discontinuities in the oxide 
film, and spreading along the metal/oxide interface, is a mechanism shown 
to occur when alloys of copper-aluminium, ~ nickel-aluminium and iron-aluMnium 
are wetted by a variety of liquid metals in . vacuum (119). Strong evidence 
exists- that" this~mechanism also occurs .in the - Au/Ni/Jethete system (117).
• -(ii) Pre-placement ,of the alloy is important, in itself. For 
example, Wysopal and Bangs (102) found during investigations of a nickel- 
chromium-silicon filler alloy that because this alloy is not free flowing, 
it required the capillary force of the braze joint interface to enable 
filler metal infiltration.
A combination of these two possibilities would seem to offer an 
explanation. For example, if 'secondary* flow has taken place the brazing 
alloy will not only have spread some way into the joint, but will also have 
a favourable configuration for flow on horizontal sections, in that any 
tendency of the alloy to 'ball-up' when molten due to surface tension, 
would have to overcome the mass of the brazing alloy. Cius, not only would 
flow into the joint be aided by capillarity and gravity, it would also 
result in a much larger area of contact between the steel substrate and the 
brazing alloy, thus facilitating penetration of the oxide by whatever 
mechanism is in force in this system.
8.2 Effect of Joint Gap on Joint Strength
The fact that the strength of these brazed ring and plug joints, 
was found to go through two peaks as the joint gap increased, is very 
unusual and no report of this behaviour has been found. One peak at a 
narrower joint gap could have been anticipated but the second peak at a 
joint gap of 25^ /J-m would not. The fact that three different sets of 
specimens show the same results indicate that these peaks are real and 
not the result of a bad batch of specimens. Further questions were 
raised by the quite definite differences in the range of joint strengths 
found in these three sets of specimens.
The shear yield strength of the gold - 18 \it% nickel alloy was found 
to be of the same order of the peaks in strength of the brazed joints. 
However, because of the differences between the brazed joint microstructure 
and the gold-nickel alloy microstructure, the results cannot be compared 
directly.
The factors which had been found to cause a peak in strength in tests 
on other systems were triaxial tensile stresses arising in the joint, poor 
joint filling, porosity and alloying with the base metal. The first 
could be discounted, as mathematical analysis of the joint, under tension, 
showed negligible restraint of contraction in the bulk of the joint, the 
contraction of the pin being compensated for by lateral expansion of the 
ring which is effectively in compression. Bending in the ring could
result in triaxial stresses in the fillet; this would however, be 
unaffected by the joint gap and therefore does not provide an explanation 
for the observed phenomenon.
The other mechanisms previously reported to cause a peak in strength 
with joint gap are all related to microstructure and have been discussed 
in the literature survey, (Section -^.2). Alloying between the base and 
braze materials can lead to the presence of either brittle phases (ill,
120) or high strength alloy zones (97)j so causing peaks in strength. A 
similar effect can arise from poor joint filling at small clearances.
In the following discussion it will be shown that none of the 
preceding mechanisms adequately explains the behaviour found in the gold- 
nickel-Jethete joints and a fourth mechanism will be put forward.
8.2.1 Porosity
The porosity measurements obtained by quantitative metallography, 
from specimens machined ready for testing, indicate that, far from porosity 
decreasing as the joint gap increases and hence providing a possible 
explanation for the peaks in strength, the porosity increases. In the two 
sets of specimens having the smaller pin diameter, this increase in porosity 
is quite marked whilst in the larger specimens, it is much lower.
These differences are explained when the shape and position of the 
porosity is considered in the unmachined joints.
In the specimens brazed at 970°C porosity was found in the centre of 
the brazed joint and could occur at any point over the length of the joint. 
In these specimens the porosity was found to change from discrete voids at 
narrow joint gaps, to large interdendritic porosity at the wider joint 
gaps. In contrast, both sets of specimens brazed at 1000°C had the 
majority of the porosity at the bottom of the joint although some discrete 
voids are still seen over the length of the joints.
The increase in porosity in the joint gap is expected and is found in 
other brazed joint systems. The difference in the position of the 
porosity however, would seem to be a direct result of the rise in brazing 
temperature.
Although the gold-18 v/t % nickel alloy has a single melting point, it 
can be seen from the coring which is evident in the gold-nickel-iron- 
chromium alloy (made up to simulate the composition of the joint) that the 
alloy in the joint certainly does have a melting range. The shape of 
the porosity in these joints, i.e. interdendritic, results from solidifi­
cation shrinkage and shows poor feeding. The position of the porosity can 
indicate the last place at which metal solidified or that bridging has
taken place isolating areas of molten metal. Eie position of the porosity 
in the joints brazed at 1000°C shows that the last part of the joint to 
solidify is at the point where the joint gap decreases to a minimum and 
the pin diameter increases to locate the ring and plug. The mass of steel 
at the bottom of the specimen seems to be slowing cooling in this region. 
In the joints brazed at the lower temperature, the porosity occurs any­
where over the length of the joint and this suggests that the melting 
point of the braze material has been raised until the brazing temperature 
is below the liquidus. The joint would then contain alloy in a semi­
solid state at the brazing temperature and bridging could occur in the 
joint thus causing shrinkage porosity in the middle of the joint.
The as-brazed joint length is the same in all three sets of specimens 
and the final ring height was obtained by machining away an appropriate, 
length from the bottom of the joint. This was enough to remove all the 
porosity at the bottom of the joint in the large specimens. In the 
smaller specimens brazed at 1000°C, however, the joint was longer, to 
give a similar joint area, and not all the porosity was removed.
Comparison of the porosity results with the tensile results shows 
that whilst the strength of the two sets of specimens having high porosity 
at 381 Mm joint gap, starts to decrease at this joint gap, the strength of 
the third, larger, specimens does not drop but levels off at 25^ /^ m-
This indicates that a decrease in strength at joint gaps wider than 
25^ /xm, is attributable to porosity and whilst poor joint filling causes 
the low strength in joints having a gap of 8jxm it can be seen that the 
effects of joint gap on strength between these two extremes are not 
attributable to porosity.
8.2.2 Microstructure
8.2.2.1 Intergranular Phase
Quantitative metallography carried out on joints with clearances in 
the range 63 - showed that the volume fraction of nickel-rich
phase in the joint was not affected significantly by joint gap in this
range. The distribution of this phase, however, is altered and could 
affect the joint strength. If, for example, the nickel-rich phase were 
a brittle intermetallic, its positioning in the grain boundaries through 
the centre of the joint in the 63/M.m joint gap could be expected to cause 
a reduction in strength at this joint gap. One might then anticipate 
that the more even distribution of this phase, found as the joint clear­
ance is increased would lead to an increase in strength as shown in the 
tensile results.
The exact nature of this nickel rich phase will be discussed in a later 
section (8.5.2) where it will be shown to form as the result of eutectic/ 
peritectic decomposition rather than the formation of an intermetallic 
compound. Metallographic examination of failed specimens has also shown
there to be no connection between the path of the crack and the 
distribution of the second phase. It would therefore seem unlikely that 
the distribution of this nickel rich phase can account for the peak in 
strength shown by the tensile results.
8.2.2.2 Interalloying
Although the quantitative results taken from the joints brazed at 
970°C show very little change in composition over the 63 - 381,/U-m range 
of joint gaps, there is a trend, in both phases analysed, for the iron 
concentration to decrease as the joint gap is increased. This trend would 
be expected as the ratio of volume of braze material to steel surface area 
is increasing.
Specimens brazed at 1000°C show the same general trend over the 
range of joint gaps although at slightly higher levels of iron and 
chromium concentrations.
These results did not remove the possibility of segregation, due to 
diffusion of the various elements from the steel, producing either a 
strong or, conversely, a brittle zone at or near the interfaces. The 
X-ray line traces made across the brazed joints removed this possibility 
as it can be seen that the concentration of three of the four major
alloying elements is constant over the width of the joint. The small 
increase in nickel found near the interface extended only over a very small 
distance - l6jum and could be the result of apparent depletion of nickel 
in the centre of the joint as a result of the nickel rich phase in this 
area.
The absence of a diffusion gradient across the joint indicates that 
the iron and chromium pick-up occurs whilst the brazing alloy is molten.
It also suggests that mixing of the molten metal in the joint, is very 
good.
If this is so, and as there is complete solubility of iron in liquid 
gold-nickel and no reason to expect chromium to behave differently, the 
microprobe results obtained from joints after extended times at brazing 
temperature (Fig. 7«31) suggest that the liquidus temperature of the alloy 
in the brazed joint has been raised to 1000°C after approximately 10 
minutes. In fact the work of Kdster and Ulrich on the iron-gold-nickel 
ternary indicates that an alloy of approximately 5 wt % iron, 75$ gold,
20$ nickel would have a liquidus temperature of 1000°C. (165).
This does not seem to have been reduced by the other alloying elements 
present and it may, indeed, have been raised.
8.2.3 Joint Hardness Values
If the small variations in composition, with joint gap, referred to 
in the previous section were responsible for differences in solution 
hardening of the brazing alloy, this would be reflected in the hardness 
values obtained from the joints.
Vickers hardness measurements taken from the three sets of specimens 
show a varying effect of joint gap which also depends upon brazing temper­
ature and specimen size. Microhardness measurements taken from the back­
ground ‘phase'1 confirmed the whole-joint hardness values.
All three sets of specimens show a peak in hardness in the 25 - 38/U m 
specimens which coincides exactly with the peaks in strength shown by the 
tensile tests at these clearances. At wider joint gaps however, the effect
or joint gap on Joint naraness varies wiun Dotn Drazmg teinpex-cioLLrt; euiu 
with specimen size.
In all three sets of specimen the hardness values drop to similar, low 
values in the 63/^ m joint. However, as joint gap increases specimens brazed 
at 1000°C show an increase in joint hardness values, the large specimens 
reaching a maximum hardness at the widest joint gap tested whilst the hard­
ness of the small specimens levels off at 23 ^yum. In contrast to this the 
specimens brazed at 970°C show no further effect of increasing joint 
clearance, on hardness values.
The results obtained from specimens brazed at 1000°C suggest that 
hardening of the braze material is responsible for the peak’in strength 
found at joint clearances of 25kytAm. However, the specimens brazed at 970°C 
still show a peak in strength although there is no corresponding peak in 
hardness at the wider joint gap. Comparison of the graphs of joint strength 
against joint gap, obtained from the three sets of specimens, shows that the 
second peak in- strength is steeper in the case of the two sets of specimens 
brazed at 1000°C than in the case of those brazed at 970°C.
These results indicate that although an increase in hardness of the 
joint, contributes to the peak in tensile strength in joints brazed at 
1000°C, there must also be another strengthening mechanism which is 
responsible for the peak in strength found in specimens brazed at 970°C.
This second strengthening mechanism which also contributes to the peak in 
strength found in specimens brazed at 1000°C, is discussed in Section 8.3*
8.2mb Hardening Mechanism in the Brazed Joints
Iron and chromium additions from the steel were found to have a major 
effect on hardening of the gold-nickel brazing alloy. Comparison of the 
isothermal ageing curves for the binary gold-nickel alloy with those for 
both brazed joints and the ternary and quaternary alloys containing iron and 
chromium shows an order of magnitude difference in the time to peak hardness 
at 500°C, between these and the binary alloy; the maximum hardness had also
greatly increased, Fig. 7»k89 The appearance of a fine precipitate was 
associated with a reduction in joint hardness, indicating that the visible 
precipitate represents an overaged condition. Hardening of the binary 
alloy was preceded by decomposition of the high temperature single solid 
solution to a gold coloured low temperature “phased The hardening found 
on ageing occurs in this‘phase'mixture although the time to peak hardness 
is apparently independent of the rate of decomposition of this “phase1. For 
example, at hOO°C a peak hardness is reached before 100$ decomposition has 
occurred whereas at 500°C the peak is reached after decomposition had been 
completed, indicating a difference in rate controlling factors between the 
two processes.
8.2.*f.l Comparison of Decomposition During Ageing of the 
Gold-Nickel and Gold-Nickel-Iron-Chromium Alloys
In the ternary and quaternary alloys containing iron and chromium, 
decomposition was found to be completed very quickly in comparison to the 
binary alloy, although the decomposition products were similar in appear­
ance. For example, in the furnace cooled condition decomposition in the 
quaternary alloy was found to be complete and in the gold-nickel-iron alloy 
93$ complete, whilst the binary alloy showed only bO/o decomposition.
This visible decomposition product when found in the gold-nickel binary 
must be a mixture of gold-rich and nickel-rich solid solutions as indicated 
by the phase diagram. In the gold-nickel-iron system Kdster and Ulrich 
(165) report the phase separation into gold deficient iron-nickel solid 
solution and a gold-rich phase and since decomposition in the brazed joints 
is similar in appearance to that found in the ternary and quaternary alloys, 
it can be assumed that this has happened in the background "phase" in the 
brazed joints. The work of Koster and Ulrich (163) also shows that the 
addition of iron in the small amounts being considered here (5 wt$ in the 
gold-nickel-iron alloy) does not raise the miscibility gap. The difference 
in rate of decomposition cannot therefore be the result of an increase in 
the driving force. The addition of iron and chromium, if considered to be
equivalent to nickel, v/ill increase to a small extent the degree of 
supersaturation at the aging temperature which would have the effect of 
increasing the driving force but not to the extent found*
8.2.*f.2 Comparison of Decomposition During Aging in the 
Brazed Joints and the Binary Alloys
The microstructure of the gold-nickel alloy used in this investigation
appears to show the type of behaviour found by Shoening and Flanders (93i
1*»6) and Koster (ikb) i.e. discontinuous precipitation, typified by
decomposition starting at free surfaces and grain boundaries and growing
out from these. This behaviour was noted in the binary gold-l8 wt $ nickel
%
alloy aged at *fOO°C, and at an intermediate;stage, resulted in a micro- 
structure similar to the as-cast binary alloy. The microstructures 
obtained on aging at bOO°C are very similar to those found by Ang et al 
(151) in a 30 at. $ nickel alloy aged for much longer times, at 295°C. 2he 
coherent spinodal determined by Kimball and Cohen (IU9), suggests that at 
this temperature the alloy would be expected to decompose spinodally.
Koch et al (137) however, report a reversion temperature of 230°C for 
clustering in this alloy. Although there is disagreement about the 
temperature range of the coherent spinodal, in none of the investigations 
reviewed by Kimball and Cohen (1^ 9)» nor in their own work, is there any 
suggestion that spinodal decomposition should occur at temperatures of 
bOO°C or above. In fact, the spinodal calculated from their work has the 
highest temperature reported and they suggest that cellular precipitation 
starts at temperatures above 350° C in the gold-^ fO at. $ nickel alloy. 
Comparison of the present work with that of Ang et al suggests that even 
aging at 295°C results in the discontinuous decomposition previously reported 
as occurring at temperatures between AOO°C and 600°C (lMO and that the 
coherent spinodal reported by Koch et al is more realistic than that 
determined by Kimball and Cohen.
Fig. 7.5O shows that in both the brazed joints and the binary alloy the 
first products of decomposition appear after the same time period, on aging
at O^CTC, suggesting that the factors contro-LLing nucjLeation are me some 
in both cases. In the brazed joints, decomposition was found to start at 
the braze metal/base metal interfaces, where diffusion from the steel has 
been shown to lead to an increase in iron, chromium and nickel and at grain 
boundaries around areas of the dark phase, where again one would expect 
higher concentrations of iron, chromium and nickel as a result of the way 
in which the joint metal solidifies. Decomposition in the binary alloy 
also started at grain boundaries. Further decomposition appears to proceed 
outwards from these areas and in both cases the decomposition products 
exhibit similarities in appearance as decomposition proceeds. This suggests 
that decomposition is occurring by discontinuous precipitation in both the 
binary gold-nickel alloy and in the brazed joints.
Given that the precipitate appears to form at grain boundaries, growing 
across the grain from these, an estimate of the time to complete decomposition 
should be calculable from the grain size and diffusion coefficient, if this 
is occurring by discontinuous precipitation. Fogelson et al (l67, 168) 
have determined the diffusion parameters of both nickel and iron in gold and 
from these the bulk diffusion coefficients for both metals in gold have been 
calculated for temperatures of 400°C and 500°C.
Table 8.1
Diffusant Do Q D 500°C D 400°C
cnrVsec. Kcal/mole cm^ /Sec • cm^ /Sec.
Ni 0.25 45.0
i -14 4.7 x 10 -1* 6.1 x 10"16
Fe 0.19 41.2 4.5 x 10~15 7.9 x 10“15
We can see that there is an order of magnitude difference between the 
rates of diffusion of these two elements in gold. This is very similar to 
the difference in the time taken to reach peak hardness between the gold- 
nickel binary alloy and both the ternary and quaternary alloys, and the 
brazed joints aged at 500°C, Figs. 7-46 and 7*48.
Table 8.2
Specimen Average G.S. Time (Mins)to achieve 100% 
Decomposition
T /V l e
Calcula
400°C
.ted, Tc 
500°C
Experimc
400°C
jntal T* 
500°C 4oo°c 300°C
Gold-nickel
Binary 280 9000 1076 i4o 40 64.3 26.7
Brazed joint 
385 /Am gap 91 8130 115 140 5 38.2 23
Table 8.2 compares the calculated time to 100$ decomposition with the 
actual time, in the binary alloy and a brazed joint, at two temperatures, 
using the interdiffusion parameters shown in Table 8.1 and approximate grain 
sizes. It is assumed that the maximum distance of diffusion is equal to 
half the grain size and that diffusion of iron controls decomposition in 
the brazed joints, whilst in the binary alloy diffusion of nickel is the 
controlling factor. The results shown in Table 8.2 indicate that the actual 
rate of decomposition is much greater than that anticipated from calculation. 
The ratios, of calculated and experimental time to decomposition show, at a 
given temperature, the factor by which the rate of decomposition has been 
increased. The agreement found between these ratios at the two temperatures 
investigated, indicates that although decomposition occurs much more quickly 
than expected from the calculations, in the binary alloy and the brazed 
joint, decomposition was controlled by diffusion of nickel and iron atoms* 
respectively.
The value of diffusion coefficient given in Table 8.1 is that for bulk
i.-c.
diffusion and an explanation for these discrepancies,^ the increased rate of 
decomposition^  can be found by consideration of the mechanism of discontin­
uous precipitate.
In the precipitation reaction, colonies of precipitate form at grain 
boundaries and the grain boundary is pulled along by growth of lamellae at 
their edges, terminating on the boundary. The rate of growth may be
governed by bulk diffusion, boundary diffusion, or as Cahn (169) has 
pointed out, by the movement of atoms across the interface. In most cases 
it appears that the growth is controlled primarily by the diffusive process 
which is composed of contributions from the volume and from the easy path 
provided by the moving boundary. The relative contribution of the boundary 
and the bulk will be some function of the ratio (170):- 
BgS/DyS 8.1
where Bg = Boundary Diffusion, Dy = Bulk Diffusion, & = Effective Boundary 
Thickness, S = lamellae spacing.
The larger this ratio, the greater will be the proportion of precipit­
ation effected by boundary diffusion.
The ratio T C/ G^  should be related to D^ /D^ . since at a particular 
temperature, as Bg/Dy increases so T^, will decrease. As Tc is constant at 
a particular temperature Tc/Te will increase, i.e.
V°v **
As the ratio D^/Dy generally increases with falling temperature so the ratio 
T_/T0 would be expected to rise with falling temperature as shown in tableC v
8.2. Under most conditions the magnitude of Dg /DyS is one or several . 
orders of magnitude greater than unity for the cellular precipitation of 
substitutional impurities (171)* It can be seen therefore, that the 
observed rates of decomposition in both the binary alloy and the brazed 
joints are consistent with a discontinuous precipitation reaction.
8.2.4.3 The Effect of Iron and Chromium on Hardening of the 
Gold-Nickel Binary
The aging curves have shown differences in both peak hardness and over­
aged hardness to result from differences in specimen size, brazing temperature 
and joint gap.
Comparison of the isothermal aging curves determined at 300°C, Figs.
7.46 and 7*48, indicates that the initial peak in hardness is a feature of 
both the brazed joints and the ternary and quaternary alloys; this peak is 
not, however, found in the binary alloy. On further aging the brazed joints 
show a second, much lower peak in hardness which was not found in the gold- 
nickel-iron/chromium alloys. The joints with wider clearances, which show
this second peak most clearly, also have a much higher final hardness than 
the narrowest joint gap tested, i.e. 63 microns, which has a very similarly 
shaped curve to that exhibited by the ternary and quaternary alloys (Figs. 
7.47, 7-48). In contrast, the gold-nickel binary alloy shows a slow rise 
in hardness value which levels out only after a much longer time at temper­
ature.
Similar sensitivity of the mechanical properties of the gold-nickel 
system, to additions of iron, was also found by Koster and Ulrich (l63)*
For example, in gold-rich alloys containing iron and nickel in the ratio 
48:32 wt$, a peak hardness of 330 Hv was reached after 20 minutes at 300°C 
in an alloy containing 80 wt$ gold, whereas the 90 wt$ gold alloy reaches a 
peak of only 210 Hv after approximately three hours. In fact the gold- 
nickel-iron ternary was shown to be particularly sensitive to compositions 
around 80 wt$ gold,Fig. 8.1. The increase in hardness was immediately 
preceded by a decrease in resistivity which usually indicates the nucleation 
and growth of a precipitate.
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Effect of composition on hardening in gold-nickel-iron ternary 
alloys after quenching from 900 C and annealing at 500°C.
It is apparent that aging behaviour in the brazed joints is a result 
of precipitation hardening. The shape of the aging curve determined at
coherent precipitate giving rise to the first peak, the second peak being the 
result of partial loss of coherency as the precipitate grows. Further aging 
allows growth to continue, resulting in a total loss of coherency and the 
low hardness found at long aging times.
It is equally clear that the rate of nucleation and growth of the 
precipitate is increased by the addition of iron and chromium. These results 
indicate that this is due to the differences in the diffusion rates of iron 
and nickel in gold as both nucleation and growth of precipitates are 
controlled by short range, bulk diffusion. The diffusion coefficients of 
iron and nickel in gold at 500°C, Table 8.1, indicate that iron will diffuse 
through gold approximately nine times faster than nickel. In fact, the
500°C for the 330 micron joint gap is characteristic of the formation of a
alloys containing iron reach peak hardness twelve times faster than the 
binary alloy, Fig. 7.48. Die hardness values in the iron containing alloys 
indicate a finer and much more numerous precipitate in comparison to the 
binary alloys which would lead to a reduction in interparticle spacing and 
in turn speed up growth of the particles.
At 400°C, peak hardness occurs much more quickly than would be anticip­
ated from diffusion data. For example, in the binary alloy whilst the shape 
of the hardening curve is similar on aging at both 400°C and 500°C, there is 
apparently a factor of approximately 2 in the time to reach the first peak
in hardness Figs. 7*48, 7*49* Diffusion data suggests that there should be
2
a factor of nearly 1 x 10 . This suggests a second mechanism speeding up 
precipitation at the lower temperature in these alloys or possibly a 
difference in precipitation nucleation, e.g. more viable nuclei present.
This could be related to the spinodal decomposition postulated as occurring 
at temperatures below 400°C in the binary alloy. However, further work would 
be needed to prove or disprove this.
8.2.4.4 Hardening in the Brazed Joints
The presence of silicon does not appear to affect the hardening found 
in the brazed joints although it will be shown to play a major part in the 
solidification behaviour (Section 8.5). An understanding of the effects 
of iron and chromium additions on the decomposition of the gold-nickel alloy 
can provide an explanation of the differences in hardening found in the 
brazed joints.
In the as-brazed condition the hardness measured is a result of 
continuous cooling and it is not possible to directly compare these results 
with those obtained from isothermally aged specimens. However, the hard­
ness values found in the as-brazed joints appear to represent the overaged 
condition and it is apparent from the isothermally aged specimens, that both 
grain size and iron and chromium content will affect the rate of aging.
These are both related to the brazing temperature and joint gap.
From Fig, 7*^ 7 it can be seen that joints brazed at the same temperature 
have similarly shaped aging curves and there is little difference in time to 
the first peak in hardness but reducing the joint gap has greatly increased 
the rate of overaging. This in turn leads to a much lower hardness in the 
overaged condition. Reducing the joint gap was shown to reduce the grain 
size and increase the iron and chromium concentration in the joints, both of 
which accelerate aging.
The effect of varying specimen size and brazing temperature whilst 
maintaining a constant joint gap is seen in Fig. 7.^ 6 which shows similar 
trends in overaged hardness values, to those found in the as-brazed joints.
It would appear that the sensitivity of the hardening behaviour of the gold- 
nickel alloy, to iron concentration, shown by Kbster, Fig. 8.1 is the cause 
of the differences in hardness found in the brazed joints. Hardening in the 
ternary gold-nickel-iron alloy was shown to be particularly sensitive to 
compositions around 80 wt$ gold and since the background “phase" of the brazed 
joints has a composition close to this, one might expect small differences 
in iron and chromium to have a large effect on the hardenability of the 
joint. It appears that the small, measured, variations in iron and chromium 
content of the joints, occurring as a result of differences in brazing 
temperature, joint gap and even specimen size, Table 8.3, are enough to cause 
these differences in hardness on overaging.
Table 8.3
Specimen No. Joint Gap Braze Temp. Composition Wt$
m °C Au Ni Fe Cr
J(30)B 381 970 77.0 16.8 h.7 0.6
J(30)D 381 1000 78.7 15-0 6.3 0.9
J(30)D.L. 381 1000 7^ .8 l*f.8 7.6 1.1
J(5)D.L. 63 1000 76.3 13.6 6.3 0.9
8.3.0 The Mechanism of Failure in the Brazed Joints
Although the effects of the microstructure can be seen to offer an 
explanation for part of the strength/joint gap relationship, it is not the 
complete explanation and for this the mechanism of fracture had to be 
understood.
8.3.1 The Fracture Surface
It is not possible to get much information from the ’smeared* area, in 
the lower part of the joint, which appears to have been damaged as the plug 
was pulled from the ring. The area just below the fillet however, is of more 
interest because it is in the fillet that we would expect a high stress 
concentration and therefore where vie would expect fracture to be initiated.
The appearance of the fracture surface in this area is, in all cases, 
’dimpled* (a dimple is half a microvoid through which fracture has occurred). 
This suggests that ductile fracture by microvoid initiation, growth and
coalescence is the mechanism of fracture.
Microvoids are usually initiated at interfaces between the matrix and 
particles such as carbides, precipitates and inclusions and also at imper­
fections such as microporosity or microcracks. They grow under the triaxial 
stress conditions ahead of the crack tip and expand until they coalesce to 
leave behind, on the fracture surface, the familiar hemispherical cavities
that are known as dimples.
No evidence of either particles or microcracks could be found in the 
dimples, (Figs. 7-33 and 7-3*0 and it is therefore assumed that microvoid 
initiation is occurring at microporosity. This type of fracture behaviour 
has been found, by Saxton et al (2*f), to occur in butt joints of maraging 
steel brazed with a silver - k% palladium alloy, the presence of micro­
voids being shown by radiography.
The shape and depth of dimples or microvoids can be related to the 
size and spacing between initiating particles, to the condition of applied 
stress (i.e. tension, shear or torsion), and to the fracture toughness of 
the specimens,* shallow voids indicate low fracture toughness whilst deep 
voids are indicative of high toughness..
The shape of the dimples in these specimens does not indicate the 
presence of shear stresses, in the area under the fillet, but suggests, 
instead that fracture in this part of the joint is the result of tensile 
stresses. -
The process of fracture can be considered to be made up of two comp­
onents, crack initiation and crack propagation and from the S.E.M. 
photographs of the fracture surface two things seem apparent, (i) Crack 
initiation takes place in or just below the fillet, as expected, and occurs 
by microvoid coalescence and therefore exhibits ductile behaviour, and (ii) 
the stresses causing crack initiation are tensile. It is also considered 
that the two areas i.e. ’dimpled* and smeared, represent initiation of a 
sub-critical crack, and controlled propagation, and catastrophic propagation 
respectively, i.e. the extent of the dimpled area represents the critical 
crack length.
8.3*2 Failure Mechanism
The accoustic emission technique was used to monitor the testing of 
brazed joints covering the whole range of joint gaps brazed at 1000°C.
This technique enabled the detection of an increase in noise prior to 
failure. This was noted in all specimens, although in joints with clearance 
less than 63yUm the burst of noise occurred almost simultaneously with 
failure. Accoustic emissions result from high energy events such as crack 
initiation^propagation or plastic deformation and this burst of noise could 
have been a result of either. Control tests carried out on solid steel 
specimens, having the same geometry as the brazed specimens, did not exhibit 
any accoustic emission until failure, which occurred in the screw threads by 
necking down to plastic instability. It was apparent, therefore, that the 
accoustic emission found when testing the brazed specimens originates in the 
joint material and was not caused by plastic deformation in the pin. Section­
ing specimens which had been stopped after a burst of accoustic emission had 
been heard,but before failure, revealed cracks in the centre of the braze 
material. This strongly suggests that the burst of noise prior to failure 
is a result of crack initiation in the brazed joint.
the crack must be of sub-critical length. As the load on the joint is 
increased further, the crack is able to grow until it reaches a critical 
length. At this point, the crack becomes unstable and is able to grow 
catastrophically without any further increase in load, the joint failing 
in an apparently brittle-manner. As the ioad-extension curve obtained 
from these joints shows no evidence of large scale plastic deformation, it 
would seem that a plane strain condition exists in these joints. At first 
this might seem an anomalous situation as the thickness of braze metal is 
not large in comparison to the crack. However, the general yielding which 
occurs in plane stress is prevented by the hard steel interfaces and it is 
this constraint which results in the occurrence of plane strain in the 
joints.
Consideration of the method of loading employed during the tensile 
test (Fig. 6.5)» would suggest that crack initiation and propagation 
occurred by Mode II i.e. a sliding mode (Fig. 8.2). However* the S.E.M. 
fractographs suggests that crack initiation and stable propagation is a 
result of tensile stresses i.e. Mode I; final failure appears to be in 
Mode II.
Mode 1 Tensile Component 
of stress applied in y 
direction, normal to faces 
of crack.
Mode II Shear component 
of stress applied normal 
to the leading edge of the 
crack.
Mode III Shear component
of stress is applied parallel 
to the leading edge of the 
crack (antiphase strain).
Modes of deformation
indicated modes of
Mode I
Mode II
If this analysis of the failure of the joints is correct then it should 
be possible to apply fracture mechanics to these specimens. For example, if 
the dimpled area on the fracture surface marks the extent of crack propag­
ation before failure, it should be possible to calculate the Kjc parameter 
for the brazed joints. Kj is the stress intensity at the tip of a crack
(i.e. ratio of stress at the crack tip/nominal stress) in Mode I, Kjc being 
the critical value at which rapid propagation and fracture occurs. For an 
infinitely sharp elastic crack in an infinitely wide plate 
Kl0 = <5p t / W a P  8.2
where a = crack length and & p = failure stress.
Measurements of the dimpled area of the fracture surface were made on 
the specimens brazed at 970°C. These specimens had shown no change of 
hardness over the range of joint clearances. It was found that over the 
range of joint gaps from 25- microns to 38  ^microns, the value of Kjc did 
not change although the fracture strength does change over this range. This 
can be seen from Table 8.4.
This indicates that it is not a change in fracture toughness of the 
braze material which is causing the rise in strength of these joints.
Since the Kjc factor represents the relationship between the applied stress 
necessary to cause failure in a structure and the size of any defect or pre­
crack that may be present in the structure, it is apparent that the joints 
of higher failure strengths must have contained a correspondingly shorter 
crack at failure. This again can be seen from table 8.4.
These results not only support the idea that a plane strain situation 
does exist in the brazed joint and that the dimpled area seen in the 
fracture surface is a result of stable crack propagation, but also supports 
the accoustic emission results in suggesting that when joint hardness is
j:
not a factor, the increase in strength of the brazed joint is a result of 
slower crack propagation.
Table 8.^  Specimens brazed at 970°C
Joint Gap 
/Um
Average Crack 
length, a 
mm
Average
KlC
N/mm^ /2
Average
MN/mm2
8 3.19 1020 319
23 3.37 1091 333
63 3.50 1106 33^
127 3.31 1138 358
2$k 3.03 1123 366
381 3.0*t 1087 338
8.^  Crack Initiation and Propagation
In any brazed lap joint specimen subjected to a tensile test a peak in 
shear stress would be anticipated just below the surface (shear stresses 
cannot exist on a surface). In the ring and plug specimen tested in tension 
a further tensile stress concentration would be present in the fillet due 
to bending of the ring. A stress profile along the joint as shown in Fig.
8.3 might be anticipated.
_Fig» 8.3 Anticipated stress profile along brazed joint in tension.
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It is therefore apparent that the most likely place for crack 
initiation to take place is in the fillet. On- loading the brazed joint 
the fillet area would act as a stress raiser, as in a ‘notched* tensile 
specimen, and as the stress in the fillet exceeded the yield stress of the 
gold-nickel alloy plastic deformation would occur in the fillet. As the 
load is further increased a critical displacement, at'the fillet, would 
eventually be reached, which is assumed, by Cottrell (172), to be the 
criterion for crack initiation. When the crack is formed, fracture occurs 
for an incremental distance, during which time the redistribution of stress 
in the neighborhood of the crack vail cause a further increase in the 
-total accumulated plastic strain there. If this increased strain is not 
enough to leave the material in a condition to satisfy the fracture 
criterion, further growth will not occur until the applied stress is 
increased. The process of increasing the applied stress and then crack­
ing with associated straining on redistribution of stress is repeated until 
a stage is reached at which the increased strain on redistribution of the 
stress is sufficient to satisfy the fracture criterion. Under these 
conditions, no further increase in applied stress is required and the 
crack will become unstable.
In a purely elastic material, i.e. one in which plastic deformation 
cannot occur, the stress required to propagate the crack is given by the 
Griffith equation where
which exhibit plastic as well as elastic properties the fracture stress was
<y g
i TT c
8.3 E = Modulus
Ifg = Surface Energy 
C = half crack length 
^"g = stress to propagate
the crack
Experiments on the fracture, at room temperature, of large thin
sheets of aluminium containing central cracks showed that in materials
again of this form:-
(5* g = /~E x Const. 1 8.4
v i f  c
The constant was, however, found to be very much greater than the 
surface energy of the material.
These results led Irwin (174) to suggest that the energy release in 
the specimens was to a large extent dissipated by producing plastic flow 
around the crack tip, so that the critical value at fracture was much 
greater than 2 The amount of plastic work in the crack tip region,
which preceeded unstable crack growth, was independent of the initial 
crack length and was hence as characteristic a measure of the materials 
resistance to fracture as would be its surface energy if it were breaking 
in an entirely elastic manner. It was also shown that the amount of
plastic flow at instability was very much smaller in extent than either the 
crack length or the width of the sheet, so that, as far as the macroscopic 
energy release rate was concerned, methods of linear elasticity can still 
be used to relate crack tip events to the applied stress.
The effect of this plastic deformation can be appreciated by 
considering the stress concentration at the crack tip. Consider a 
tensile stress c r  applied across a thin plate (plane stress) of 
elastically isotropic material containing an elliptical hole whose major 
axis 2c is perpendicular to (SI This hole can be thought of as a crack 
having a length = 2c and a height = 2h. If the length of the crack is 
small compared to the width of the plate in which it lies, then the 
stresses in the vicinity of the crack can be directly obtained (175)•
The maximum tensile stress (5* max occurs at the end of the crack and is 
given by the expression
max = (l + 2C//h) 8.5
This stress is usually expressed in terms of the radius of curvature 
O at the end of the end of the crack. Since P = h /c for an ellipse
In an infinitely sharp crack g will be equivalent to the burgers 
vector 'b' of the material and it can be seen that as the radius of the 
crack tip increases the stress concentration at the tip of the crack is 
reduced.
Three factors which could have the Effect of increasing the crack tip 
radius i.e. (i) the nickel rich phase, (xi)-porosity or (iii) plastic deform­
ation have been mentioned previously,Sections 7-4.2, 7*4.2.4& 7*7 respectively 
androf these, the effect of both porosity and the *nickel rich* phase were 
shown not to be responsible for the peak in strength at a joint gap of 254 
microns. Consideration of the mechanism of plastic relaxation at the tip 
of the crack will, however, show how this could be responsible for the 
failure stress/joint gap relationship.
8.4.1 Plastic Relaxation at the Crack Tip
The local shear stress at a distance r from the tip of a sharp (elastic) 
crack, ^  , is given by Sneddon (175) as approximately (S’*jc/r. The stresses 
found in the vicinity of the crack tip are very high and yielding can 
extend a distance r, (127) given by:~
from the tip of a stopped crack in a material that is not completely brittle. 
The plastic deformation can occur by the activation of dislocation sources 
in a volume element near the crack tip or by the creation of new dislocat­
ions at crack tip (176).
When a large number of mobile (i.e. unpinned or lightly pinned) 
sources, s, exist near the crack tip of a stopped crack (i.e. (SX^ g) these 
spurcee will emit loops, some part C of which, having opposite sign from 
those of the crack dislocations, are attracted to the crack tip (Fig. 8.4a)'. 
The loops C move into the region near the tip until their total Burgers 
vector just compensates for that of the crack tip D; this neutralises
2
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the large stress field at the tip, both the back stress acting at tne 
centre of the crack and the forward stress that acted ahead of the crack. 
Because the back stresses are relaxed, dislocations can move from the centre 
of the crack to the crack tip, thus blunting the crack (Fig. 8.4b). The 
crack, therefore, is no longer elliptical but has parallel sides, separated
by a distance D, and a tip radius ^ that is about equal to /^2. Since
X
the stress concentration factor is reduced from 2(c/b)2 (Eq 8.6b) to
x
2(2C/D)2, the stress required to propagate the crack directly as a Griffith
D ~crack, is raised by a factor of ( /2b)2 and the toughness of the material 
is increased. If the stress is removed, the crack will no longer heal 
because the stress field of the loops C holds the dislocations in place.
This agrees with the observed facts in that cracks have been found in 
unloaded specimens.
Fig. 8.4 Dislocation representation of crack blunting (176)
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The parts C of the emitted loops also have a total Burgers vector 
C = C-' = D. Each of these no longer feels the elastic stress of the elastic 
stress of the crack tip v/hich has been relaxed, but only the stress of the 
other loops. The loops C;are expelled from the crack to a distance R, 
such that their mutual interaction stress are about equal to ^ y. In the
Friedel model (17&) these loops lie along a cylinder, having radius R = GD/ y.
The stress distribution at the tip of a notch crack in a material exhibit­
ing linear strain hardening, has been calculated by Wilshaw (177) and is
shown in Fig. 8.5.
<X
R,
<*3~yy = Longitudinal (tensile) 
stress near crack tip 
= Value of R at which 
max. possible degree 
of triaxiality is set 
up &head of a 
particular flaw 
R = plastic zone size
This means that the plastic relaxation has replaced the large dislocat­
ion concentration near the tip with a distribution of dislocations along a 
cylinder of radius R> \ h e  peak in stress occurring at a distance R^ 
from the crack tip.
If the mobile dislocation density around the stopped crack is very low 
or zero (heavily pinned dislocations), the complete relaxation described 
above will not be able to take place.
The small amount of relaxation which does occur results from the 
heterogeneous nucleation of loops which are punched from the crack tip (176).
This punching can only take place at the crack tip since it requires a
G *
very high stress, of the order of /30. When loops C are punched from the
crack, steps C are created on its surface, Fig.8.6.
Fig. 8.6 (
_ glide plane
These do not significantly blunt the tip because their density is low since 
a step C can only be created when a dislocation C forms in the slip band 
which emanates from the tip. If the loops are not pure screw dislocations, 
they will not be able to multiply by cross gliding and the dislocation 
density in the band will be low. If extensive.multiplication takes place, 
then the band will broaden and C will be greater but the number of steps 
will still be small. Extensive blunting by this process could only take 
place if large numbers of slip bands and large amounts of multiplication 
take place,but this is rarely observed.
In the light- of the preceding analysis of crack propagation and crack 
tip blunting, the various results obtained from the brazed joints can be 
explained.
Since crack initiation at a notch (or stress raiser such as a fillet) 
depends on a critical displacement at the tip of the notch, i.e. on plastic 
strain, then as yield stress and hardness values are related (178) to a 
good approximation by
Hv 3Y - 8.8
one would expect crack initiation to correspond closely with increasing 
hardness of the braze joint material. This is found in the two sets of 
specimens, in which crack initiation was followed by accoustic emission (A.E.) 
over the range of joint gaps. In specimens with joint gaps below 63^m, as crack 
initiation is followed immediately by failure, the joint strength is also 
found to follow closely the hardness of the joint material.
In the B and D specimens the second increase in strength over the 
range of joint gaps is not associated with an increase in joint hardness 
and in this case both the accoustic emission results and the microhardness 
results from the areas near the crack tip suggest that the explanation lies 
in the amount of plastic deformation which can take place at the crack tip, 
thus blunting the crack tip and slowing down crack propagation. The results 
discussed in Section 8.3.2 indicated the same conclusions. The amount of 
plastic deformation occurring at the crack tip is such that the * second
phase* (i.e. grain boundary phase) would not be expected to play any part 
since the percentage of this phase is very small.
As the joint gap increases,, the amount of plastic deformation which can 
occur ahead of the crack also increases. This results from the presence 
of the hard steel interfaces which limit the spread of plastic deformation 
ahead of the crack. Thus, although the braze material behaves like a 
semi-brittle material, it is the presence of the steel base metal which 
limits plastic deformation. In the 2$k micron joint gap specimens the 
microhardness measurements, Fig. 7*55i indicate that the maximum amount of 
plastic deformation has taken place at the tip of the crack as the hardness 
values near the interface are similar to those found in the as brazed 
specimens. This is confirmed by the levelling off of the tensile strength 
of joints having a clearance of J&l microns in the D specimens, which do hob 
exhibit quite as much porosity at these wider joint gaps as the B specimens.
In the D.L. specimens, the reason for the second increase in joint 
strength would appear to be different. Fig. 7*58 shows only a small increase 
in work to propagate the crack with increasing joint gap. It would appear 
that in this case the increase in hardness of the joint material with joint 
gap is the major factor and that crack propagation is slov/ed only slightly. 
So in this case the controlling factor is crack initiation rather than 
crack propagation. This would seem to be confirmed by the microhardness 
profiles taken from near the crack tip in these specimens under the same 
conditions as those taken from the B specimens, Fig. 7.35* D.L.
specimens show no great increase in hardness at the tip of the crack.
This also can be explained by considering the crack tip blunting 
mechanism. The increase in hardness in these specimens appears to have been 
caused by the presence of a very fine precipitate in the background phase 
and this would have the effect of pinning dislocations. It was shown 
previously that this will significantly reduce plastic deformation and
therefore crack tip blunting and so the joint gap would not be expected 
to have an effect on crack propagation and indeed this was found to be the 
case Fig, 7«55*
It can be seen that there are two mechanisms affecting the strength of 
these brazed joints and these can explain all the results obtained. In all 
three sets of specimens the first peak in strength closely follows the peak 
in hardness and it seems that this is a result of delayed crack..initiation 
caused by the higher strength of the joint material as a result of pick up 
of iron and chromium from the steel. At wider joint gaps where hardness 
of the joint is not affected by joint gap, i.e. in B and D specimens, crack 
propagation is slowed by plastic deformation at the tip of the crack, which 
is dependent on joint gap. In the D.L. specimens which contain a fine 
precipitate, the joint hardness is affected by joint gap and crack initiation 
is the main factor affecting joint strength. The precipitates pin - 
dislocations and significantly reduce the plastic1 :tj5p:iOf
the crack to the extent that crack tip blunting does not play a significant 
part in joint strengthening.
The factors affecting the microstructure will be examined in the next 
section.
8.5. , Calculation of' a Corner of the'Gold-Nickel-Silicon 
Ternary Diagram from-Binary Data - <■ .
The presence of silicon;, dissolved from the steel substrate, although 
present only in very small quantities, Thble ?*  ^was shown experimentally to 
result in the presence of the dark, nickel-rich, grain boundary phase. The 
deliberate addition of 0.01 wt % silicon to 60 at % gold - *f0 at % Nickel 
alloy was found to result in a second phase similar to that found in the 
brazed joints. Phase diagrams for the gold-nickel, gold-silicon and . 
nickel-silicon systems.are shown in Figs. if.l, 8.7 and 8.8.
■i  c ’
The gold-silicon system ( 67 ) shows virtually no mutual solubility,
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indicating little affinity between unlike atoms; the system would there­
for be expected to exhibit a strong positive deviation from ideality.
One would expect then, that the addition of silicon, to the gold-nickel 
alloy, would increase the critical temperature (Tc) of the gold-nickel 
miscibility gap, the formation of a miscibility gap being associated with 
a large positive deviation from Raoults law. If this is the case, the 
addition of silicon in sufficient quantities should lead to the formation 
of a eutectic as Tc reaches the solidus temperature. Calculation of the 
gold-nickel-silicon ternary diagram using the method described in Section 
5.0. requires the determination of interaction parameters for the binary 
systems involved.
8.5.I Determination of Interaction' Parameters for the Binary Systems
8.5*1*1« The Gold-Nickel System
A useful approximate value for this parameter can be obtained from’ 
the miscibility gap using equation .5*29 which gives a single, regular 
solution, interaction parameter. In this system the miscibility gap has 
a maximum temperature of 821°C. at 5^*^  wt# (80 at %) and therefore, from 
equation 5*2$
AAu-Ni = 238 x lO^K 
Since R = 8.31  ^J/Mole °K
This gives a value of A^ u.jji = 18.2 KJ/Mole^
The calculated miscibility gap, obtained using this parameter, is 
symmetrical and this will obviously lead to inaccuracies when considering 
most binary systems.
The subregular solution, equation :5*31 contains only two parameters 
hence both of them can be determined at any desired temperature below the 
critical temperature, Tc. At Tc the two constants can be determined by 
equating the second and third derivatives of Fg to zero (l6l). The 
values ca lculated for B0 and B^j were l*f.6 KJ/Mole and 6.25 KJ/Mole 
respectively. Using these parameters gave values for A  F gold-nickel which
were in good agreement with values given by Hultgren (179)1 Table 8.3* 
The miscibility gap calculated from these values is compared with the 
symmetrical gap Fig. 8.9. The resultant lov/er value for A F  has given 
higher solute content for the tv/o F.C.C. phases, in equilibrium with 
each other, and the miscibility gap is no longer symmetrical.
Table 8.5 : -:
XNi
FAu-Ni J/Mole at 1150°K
Subregular Hultgren
0.1 -2230 -1873
0.2 -3030 -258*f
0.3 -3276 “2833
O A .-3205 -2853 j400
0.5 -2931 -2667
0.6 -2603 -2376
0.7 -2230 -2000
0.8 -1830 -13^ 2
0.9 -1330 -10*f2
It can be seen from these curves, that the regular approximation 
considered initially has no areas of coincidence on the nickel rich 
side, with the curve shown by Hansen C67 ) and Koster and Dannohl (l¥f).. 
In gold-rich alloys, however, agreement is reasonable running parallel 
to the experimental curve and only 7 atomic % out at 700°C. The 
simple non-symmetrical calculated curve is close to the experimentally 
determined curve at temperatures near Tc and on the nickel-rich side of 
the diagram.
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Tomiska (163) has determined experimental thermodynamic activities 
which allowed calculation of excess free energies a / 8 and the heats of 
mixing for the gold-nickel system in the temperature range l600°K - 
1920°K, using a four parameter Redlich-K8ster equation, This enabled 
the calculation of four temperature dependant and four temperature 
independant parameters for the liquid phase of the gold-nickel system. 
Using the values of AF^5 determined by Sellars and Maak from E,M.F. 
measurements (162), Tomiska (163) calculated similar parameters for the 
solid phase, using the four parameter Redlich-Koster equation, thus giving 
eight parameters in total for Fg. The miscibility gap calculated, using 
these parameters was found to be in good agreement with that in the 
experimentally determined phase diagram (Fig. 8.9) in all but the gold- 
rich alloys. Even at this end of the diagram the agreement is reasonable 
and these parameters were taken for the computer calculations in this work.
8.5.1.2 Gold-Silicon System
Although the gold-silicon system does not show a miscibility gap in 
either the solid or liquid state, it can be considered that the eutectic 
and the very limited solubility of silicon in gold, and vice-versa, 
found in this system, are a manifestation of a miscibility gap with a 
very high Tc.
We know that from equations 5.10 and 5.11
= _0(2
and ;
j ( r  I = J * 2
I x ^  - yAz
And from equations &.1& and 5119 we can see that this leads to 
A F , f 2 + BT In1 " x2/l - X1 = x2-iA^ - x^A-
8.10
8.11.'jj jtvxj. *- ■*- ai 2
and
Fm 2 + ET lnx2/x, = (1 - x-|)2A., - (1 - x2)A2 8.12
In the case of a miscibility gap, where for example both phases are
I
F.C.C. these equations simplify to
/
EI In (1 - x-]) + x<i2A = ET ln(l - x2) + x^A 8.13
If we again consider the regular solution and assume a symmetrical 
diagram then x^  = 1 - X£ and
= (1 - 2x)~^  ln(l - x)/x 8.1*f
The solubility of gold in silicon is given by Collins (185) as having 
a maximum at 1280°C of about 2 x 10~^  at %. Solubility of 2 x 10~^  at % . 
was found at 1380°C and 1000°C. Using equation (8.1*0 with the solubility 
values at 1380°C the interaction parameter was found to be approximately
BAu-Si“ 200 KJ/%le 
This value is calculated from the regular solution equation and the 
value is only approximate. Substitution of the solubility values at 
1000°C and 1280°C gives values for of 162.6 KJ/Mole and 171 KJ/Mole
respectively. These results are similar to those calculated by Dorward 
and Kirkaldy (l80). From the solubility measurements and phase diagram 
they calculated a value for Hau (in Si) of 182.6 KJ/Mole at 1273°K- 
A value of 200 KJ/fyole °K was used for this investigation. It is true that 
we need the quantities with reference to f.c.c. silicon, but in the absence 
of the unknown enthalpy difference between this hypothetical modification 
and silicon with diamond structure, we have to assume that :B(pxAMOND)Si
b (f.c.c.)si. . '  t
8.5*1.3 Nickel-Silicon System
The nickel-silicon system does not have a simple equilibrium diagram, 
containing, as it does six intermetallic phases. At the nickel-rich end of 
the diagram the Ni^ Si intermetallic occurs at 25 atomic % silicon. The 
simplest approximation is to consider the diagram as a eutectic between 
nickel and Ni^ Si. Data for this part of the nickel-silicon system already 
exists (l^ ) and a value of -208. KJ/faole was taken for simple calculations.
In the computer assisted calculations a more comprehensive equation 5 • 22 
5*26 could be used and therefore a more complete interaction parameter could 
be used. Two temperature dependant and two temperature independent 
constants suitable for use in these equations were available, Table 8.8, 
(186). Calculated solvus lines and the eutectic point, obtained.using 
these parameters were found to be in good agreement with the experimentally 
determined nickel-silicon diagram over the range 0 to 25 at. % silicon 
Fig. 8.10. . %
Table 8.8
Temp. Independent 
KJ/Mole
Temp. Dependent 
KJ/Mole °k
^ i q B1 = -196.8 B2. = +0.0^ 2 
C1 = - 61.8 C2,= +0.020
Bi_= -259-7 + 0.062T 
C1 = -133-8 + 0.022T
B*j = —196.3 B2 = +0.0^ 2
c1 = - 61.8 c2 = +0.020
Br = -263.1 +.0.062T 
Cr = -I57.I + 0.022T
Te
mp
Fig. 8,10
Comparison of Experimentally Determined Diagram with 
Diagram Calculated from Parameters listed in Table.8.8
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8.5*2.1 Using Temperature Independant - Interaction Rtrameters
Even the simplest set of interaction parameters can indicate the 
likely direction of the phase boundaries in .the gold-nickel-silicon ternary 
system by considering the effect of adding silicon to the gold-nickel 
system. In purely qualitative terms, one can use the rule due to 
limmormans and Bancroft (l8l), which states that the miscibility in a binary 
phase X - Y is diminished by adding a third component Z, when the affinity 
between Z and X is widely different from that between Z and Y. In the 
regular approximatiop>this can be stated (l8l) as:-
|b - c| ^  a 8.15
When the absolute value of the difference between the parameters
describing the interactions of Z with X and with Y, is greater than the 
interaction parameter between X and Y - which is positive when there is a 
miscibility gap in the X - Y system - this gap is widened by a small 
addition of Z; it becomes narrower when |b - c | K  a.
Using a composition and temperature independent value, i.e. "regular 
solution" values, for the interaction parameters one can see that, since 
a = AA.U-Ni ~ ^.2 KJ/Mole, b = %i-Si = -200 KJ/Mole, and c = CAu-Si =
200 KJ/Mole, silicon additions would be expected to widen the gold-nickel 
miscibility gap and consequently raise the critical temperature Ic.. It is 
apparent that increasing Tc would eventually leadc~to the formation of a 
eutectic or peritectic which would explain the microstructure found in the 
brazed joint.
Calculations with these simple parameters, were carried out to show the 
extent to which silicon concentrations would be expected to affect the 
miscibility gap. Free energy/concentration curves were calculated for 
silicon concentrations between^  0.25 at °/° and 1 at % silicon at 1200°K.
■V
Ihe results are shown schematically as radial sections on the gold-nickel- 
silicon ternary, Fig. 8.11. From this diagram it can be seen how the 
addition of very'small amounts of silicon stabilises the two phase region 
to a higher temperature, and causes it to widen out as more silicon is added.
A comparison of values taken from these calculated gold-nickel-silicon 
curves, with experimental results obtained by microprobe, table 8.6 and 8.7* 
shows how the "regular solution" interaction parameters would affect the 
accuracy of further calculations.
Table 8.6 Microprobe Results
Composition at %
Soak Temp. °/o Background • Background *Phase* Dark Phase
°C “ Phase*' Au ■ N^V- Fe ; Cr Au Ni":' Fe" ! Cr Si
650 90 72.6 13.4 9.0 '3.0 4.2 72.3 16.9 1.6 4.9
900 96 43-3 35.0 19.1 2.4 3-3 71.3 17.7 1.3 4.3
Values obtained using the non-symmetrical (Hardy Model) interaction 
parameters are also shown in Table 8.7.
Fig, 8.11
Badial sections of the gold- 
nickel-silicon ternary 
calculated using "regular 
solution" interaction 
parameters.
Si
Temp. T = 1200 K
Constant
Si — 1%
Si = 0.5%
Si = 0.25%
A = 18.2 KJ/Mole
Si = 0%
jRadial
Section
Ni
Calculated Results 1 Taken from Au-Ni-Si radial sections using
interaction parameters:-
AAu-Si = 203 KJ/Mole, Ani_si = -208 KJ/Mole
AAu-Ki = 18.8 KJ/tele
Composition At %
Temp.
°c
%Au-rich
Phase
Model AAu-Ni
KJ/Mole
Au rich phase Ni rich phase
Au Ni ' Si"-. Au >Ni Si
630 60 regular 18.8 93 3 0 3 94 1
650 33 subregular 14.6/6.23 90 9.7 0.3 5 92.1 2.9
900 63 regular 18.8 88 12 0 14 84.7 1.3
subregular 14.6/6.23 78 21.4 0.6 8 89.2 2.8
Comparison of the composition of calculated background phases, Table 
8.7, with the experimental results, Table 8.6, shows that the non- 
symmetrical (sub-regular) calculation gives better agreement than the 
symmetrical calculation. It should be noted that the sub-regular 
calculations were made for alloys containing 3 at % silicon compared.with
1.3 at % silicon in the regular calculation. The significance of this can 
be seen from Fig. 8.11, which indicates that increasing silicon concentration 
rapidly reduces the solubility of nickel in the gold-rich phase. It is 
clear, therefore, that if the non-symmetrical calculation had been used 
to consider an alloy containing 1.3 at % silicon, the calculated' nickel 
concentration in the gold-rich phase would have been greater than that 
shown, at both temperatures considered, and therefore nearer to the 
experimentally determined values. r
The model calculations show good qualitative agreement with experiment.
A full quantitative agreement is not to be expected however, in view of 
(i) the appreciable iron and chromium content in the real alloy.>(i!)'the
fact that magnetic effects were ignored in the calculation of the 
interaction parameters and (iii) the fact that the silicon content of 
the real alloy is less than 1 at %. By using more accurate interaction 
parameters, better numerical agreement could be achieved.
8.5.2.2 Utilising Temperature Dependant Interaction Parameters
A programme, ’A* was used to calculate free energy/concentration 
curves for liquid and F.C.C. phases at various temperatures. The 
interaction parameters used in these calculations were the temperature 
dependent parameters of the type determined by Tomiska. Knowing the 
free energy of Ni^ Si, a manual comparison was made (using the tangent 
rule) to determine the phase combinations with the lowest free energy 
at a given temperature. An example of the phase equilibria obtained 
in this way is shown in Fig. 8.12.
In order to use the full set of parameters suggested by Tbmiska, it 
is necessary to use a sophisticated computer technique to process the 
mathematics involved in the calculation of phase equilibria. For this 
purpose the N.P.L. Alloy Data system was utilised, enabling a more accurate 
evaluation of the phase equilibria to be carried out.
This programme, fB!, calculates the free energy of all the chosen 
phases at a given temperature and composition, and is then able to 
compare the calculated free energies for the phases. The computer print­
out then automatically gives two compositions denoting the ends of the 
tie line.
Examples of the results obtained by both these methods at a temper­
ature of 1173°K are shown in Figs. 8.12 and 8.13. It should be noted that 
Fig. 8.13 was obtained by considering equilibrium between two F.C.C. solid 
solutions and a liquid solution only, the Ni^ Si intermetallic phase being 
ignored. A corner of the gold-nickel silicon ternary, drawn using a
Fig. 8.12
Phase equilibria between the intermetallic Ni^ Si, liquid 
and F.C.C. solid phases calculated using programme A.
T = 1173 K
80
100
NiAu
Fig. 8.13
Phase equilibria in the absence of Ni^ Si, calculated using the
N.P.L. programme
T = 1173 K
100
NiAu
4
combination of both sets of results is shown in Fig. 8.1*f. Where1 the 
tv;o sets of results conflict, the most likely equilibria tfwc- determined 
by comparing the values of free energy obtained for the phases by 
calculation.
The same method was used to calculate the phase equilibria at 1600°K. 
Fig. 8.15 shows the computer results at this temperature plus information 
from the gold-nickel and nickel-silicon diagrams. Knowing the phase 
equilibria existing at two temperatures e.g. Figs. S.l^ f and 8.15, and with
Jf
the information available from the binary diagrams, it is possible to 
estimate the phase equilibria at intermediate temperatures, Fig. 8.16. It 
can be seen by comparing Figs. 8.1^  and 8.16 how, as the temperature is 
reduced, the liquid area must contract, Figs. 8.17 and 8.18.
Free energy curves plotted of radial sections from 0.*f at % nickel/C$
silicon to 98 at % nickel/0.02^  silicon and 96 at % nickel/0.0*$ silicon,
at various temperatures, indicated the appearance of a miscibility gap in
the solid phase as the temperature was' reduced. Increasing the' silicon
content was shown to have the effect of widening-- this gap. Comparison of
these free energy curves with those for the liquid indicated that the 
appearance of the gold rich solid phase, would occur around 1225°K, leading 
to a ternary of the type shown in Fig. 8.19.
It can now: be^ seen how this diagram, on further cooling, will' result 
in that calculated fully at 1173°K, Fig. 8.1A-. The liquid area contracts ^ 
until it has almost disappeared^  : thus resulting in the equilibrium between 
the gold-rich phase and r tsIvjSi cJS found in practice, irv-HsjL-
gold;39 at °/o - nickel j C at %  silicon alloy. T-IO
From Fig. 8.1*f it can be seen that there are tW«. areas showing a three
+o(,4L
phase solidification reaction. These are the Ni^ Si + ®^ 2 + liquid^ a^nd the 
liquid + + °^ are*s» Ehese - will lead to solidification by either pseudo­
binary, eutectic or peritectic reactions, and it is necessary to compare 
the tie-triangles at various temperatures to determine which reaction will 
take place.
Fig. 8,14-
Combination of Figs. 8.12 and 8.13
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.Ni
 1*
Atomic % Nickel
Fig. 8.13
Calculated phase 
equilibrium at l600wK
Fig. 8.16
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Fig. 8,18
Estimated phase equilibria 
at 1250°K
Liquid
Atomic % Nickel
Estimated phase equilibria at 1225 K showing
‘ A,
approximate composition^of.alloy in brazed joint
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Fig, 8.20
Estimated phase equilibria at 1173°K using a 
combination of the calculated phase equilibria 
shown in Fig. 8.12 and 8.13
65 Co70 857 5 90 9 5 N i
% Nickel
In a ternary system the eutectic reaction L~"e>c< +£ occurs over a range 
of temperatures, the same is true of the peritectic reaction L +0(1— * ^  • 
The difference between the ternary eutectic and peritectic solidification 
reactions can be seen by considering typical tie triangles at several 
temperatures, Fig. 8.21.
Fig. 8.21 Tie triangles at various temperatures illustrating the
/
progress of solidification in an alloy X.
(a) Eutectic (b) Peritectic
x
'3
V/hen the calculated ternary is considered it can clearly be-seen that 
the L + Ni3Si + o^ 2 area shows the characteristics of a eutectic reaction. 
The solidification of the L+P^^three phase region, however, is not so
clear. It can be seen that this area could be interpreted as being either
*
peritectic or eutectic in nature dependent on the position of the liquid 
corner of the tie triangle. Careful plotting of the isothermal sections 
of the ternary diagram indicates that the liquid +oL*j +06% three phase 
area solidifies by a peritectic reaction. This can be seen by comparing
liquid composition.
Consideration of these corners of the calculated gold-nickel-silicon 
ternary diagram shows how the alloy found in the brazed joints, has solidified,
Fig. 8.23.
Vjeo^ U&fcthe microprobe results from brazed 'joints quenched from 900°C,
Table 8.6, to give an approximate, general joint composition, since the phase 
comprises ^  9&°/o of the joint. If we also consider the iron and chromium 
compositions as additive to the nickel concentration (which seems to be a 
valid assumption for iron up to 50/30 iron/nickel from the work of Koster and 
Ulrich (165) on the gold-nickel-iron ternary) then the approximate composition 
of the joint will be At % gold - <..5 At % silicon balance nickel, marked 
'A* Fig. 8.2^ .
It can be seen from Fig. 8.2^  that, at a temperature of 1225°K the brazed 
joint having composition A, will contain©^, i.e. gold rich solid solution, 
and a small amount of liquid rich in silicon, approximately 5 at.
Comparing Figs. 8.2^  and 8.25 we see, that as the temperature decreases, 
theo(^  corner of the three phase area, L +0(^ + 0(2 n^ st move down, towards 
zero silicon, (since o(^ , contains no detectable silicon at 900°G) and across 
towards the gold rich corner. At some temperature between 1225°K and 1173°K 
the joint composition will enter this three phase region and a second solid 
solution,0/ 21 will form by the reaction
X. + o(1   fy < 2
This phase will be rich in silicon.
Figure 8.25 shows that by 1173°K the joint will be solid containing two 
phases, namely the solid solutions C(^ and resulting from the miscibility 
gap in the "•ternary^  Hie nickel-richo( ^ phase, having been formed by a
peritectic reaction. Again this is compatible with the microstructure 
found in the joint, the nickel-rich phase being found at grain boundaries and 
having the appearance of being the last phase to form from liquid left between 
gold rich grains^  £he latter being the first solid to form.
T,
0 &
Illustrating the movement of the corners
<  'Q  Q triangle as temperature decreases indicating a 
peritectic decomposition rather than eutectic.
Fig. 8.23 ' •
Estimated phase equilibria after solidification, temperature 923°K 
joint composition A is shown and.estimated,' £Le 
line BC. Tie line BE was calculated using the 
N.P.L. programme.
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Detail from gold-nickel-silicon ternary 
at 1173°K
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in the joint would be' approximately 93% oLp containing about h5% gold - 
55% nickel, and 0(g containing approximately 5% gold - 91% nickel - 6% 
silicon. (Che gold and silicon concentrations taken from the ternary 
corner are in good agreement with the microprobe results taken from the 
brazed joint.
Although alloys of compositions similar, to that found in the brazed 
.joints are solid at a temperature of 11?3°K, Figure 8.25, we can see that 
the diagram of the ternary corner still shows that some alloys of higher 
silicon content would still contain liquid at this temperature. On further 
cooling, the liquid phase will disappear from the corner of the ternary 
with the result shown in Fig. 8.23* i.e. the joint should still contain the 
0^1 and Cephases, the ^  phase containing a high nickel concentration, i.e. 
approximately $h% nickel - b%> gold - 2% silicon. From a comparison of ■
i
Figs. 8.23 and 8.1*f we see that on further cooling the 0^  corner of the
two phase area moves along the gold-nickel binary edge towards the
gold-rich corner.This means that on cooling below 1173°K the amount of
nickel-rich phase, OC present in the joint should increase whilst the
gold concentration in the 00 phase increases further to nearly 60 at.% at
923°K. Figure 8.23 shows that at 923°K (650°C) the percentage of nickel-
rich phase present should have increased quite markedly up to approximately
30%. Microprobe results from the brazed joints certainly show this trend,
as annealing the brazed joint at 650°C increased both the gold-content of
\
the background '’phase" and brought the amount of the nickel-rich phase 
present in the joint from approximately 5% at 1173°K (900°C) to approximately, 
50% at 923°K (650°C). In practice, the dark nickel-rich phase was found 
to precipitate on the grain boundaries and on the nickel-rich phase already 
present from the higher temperatures.
The gold-rich background’'phase in the joints also undergoes a change, 
after soaking at 650°C. This was observed by comparing etched joints
quenched from 900°C an<2 joints quenched after soaking at 65CTC, with the 
binary gold-nickel alloy treated in the same way. In the alloys quenched 
from 900°C the background was left white by the etch, whereas after
soaking at 650°C this “phase'* etched a gold colour, the same behaviour was 
found in the binary gold-nickel alloy. It is therefore considered that in 
the brazed joints the low temperature gold rich "phase1* represents a mixture 
of the two F.C.C. solid solutions similar to that which occurs in the binary 
system, as a result of the miscibility gap. It would appear that in both 
the brazed joint and the simple binary gold-nickel alloy, the high temper­
ature solid solution which does not etch, decomposes to a fine mixture of 
and DC’1 gold rich and nickel rich solid solutions, which is etched by 
the mixture of acids used. In the brazed joints this is also accompanied 
by further precipitation of the nickel-silicon phase.
8.5.3 The Effect of Silicon on Metallography of the Joint
In the gold-nickel/steel brazed joint systems discussed in work by 
other authors, the microstructure has usually been described as consisting 
of a mixture of solid solutions independent of joint clearance (120^
106, 11*0. Although Bennet et al. (89) report that the etching response 
of the bulk braze metal indicates a two phase microstructure, this is 
dismissed as an artifact of the etching process. As evidence of this, they 
state that microprobe maps show a uniform distribution of gold and nickel, 
as would be expected from the phase relationships for this alloy. This 
suggests that they did not find gold and nickel rich areas, their microprobe 
maps showing apparently only one solid solution. The steels used in the
above investigations were similar to that used in the present work in that
they contained silicon, which has been found to result in the presence of
the dark grain boundary phase found in the brazed joints in m .y i^ ork.
Brazing time and temperature used were also similar. Three reasons, 
therefore, existed for determining an explanation for the microstructure 
found in this investigation (i) the microstructure was unexpected, (ii) the
gram boundary phase could have been an intermetallic which could have had 
an effect on the joint strength and (iii) there was a change in micro­
structure with joint gap, which had to be explained. Investigations showed 
that the presence of silicon was largely responsible for the microstructure 
observed in the brazed joint. Calculations using simple interaction 
parameters showed that additions of silicon to the gold-nickel system would 
be expected to widen the miscibility gap and raise the critical temperature, 
Tc. This could eventually lead to the formation of a eutectic or peritectic 
and thus provide an explanation of the microstructure found in the brazed 
joints.
The use of accurate, though complex interaction parameters which 
showed a good fit between calculated and experimentally determined binary 
phase diagrams allowed an accurate determination of a corner of the gold- 
nickel-silicon ternary diagram.
The calculated corner showed that the addition of silicon to the gold- 
nickel binary alloy, very quickly raises the miscibility gap present in the 
binary system. This occurs to the extent that the 0£j and solid solutions 
formed as a result of the miscibility gap are in equilibrium with liquid at 
higher temperatures, thus giving rise to a ternary eutectic/peritectic 
reaction. Careful plotting of the three phase triangle over a range of 
temperatures, has suggested that a ternary peritectic results on cooling.
The ternary showed that too great a silicon content in the braze joint 
could result in an + Ni^ Si phase mixture being formed which would, no 
doubt, be deleterious to joint properties. The microstructure found in 
the joints can, however, be explained as a mixture of gold rich grains 
containing no silicon, with the nickel rich 0^ formed as a result of a 
peritectic reaction, from the last of the liquid in the joint thus appearing 
at the grain boundaries. Reducing the joint gap reduces the volume of 
braze alloy in the joint, whilst the surface area,of steel in contact with 
the brazing alloy is unchanged. This results in an increased concentration
of the elements, arising from the base material, in the brazed joint. On 
increasing the silicon content slightly in this way, the amount of 
resulting from the peritectic decomposition increases, which seems to change 
the form in which it appears, resulting in the lamellar microstructure found 
in the narrow joints.
Since the joints contain iron, chromium, vanadium and molybdenum from 
the steel as well as silicon, it is clear that the calculated ternary can 
only be used to show the trends which might be expected in the joints.
Under the circumstances, it can be seen that the experimental results fit 
well with those predicted from the calculation.
9*0 Conclusions
The following conclusions may be drawn from the results of this
work.
The effects of powder preparation on brazing, result from the link 
between production route and parameters on powder characteristics such as 
shape, size and distribution and the effect of these,' in turn, on paste 
viscosity. In the gold-nickel alloy powders, the Coulter counter results 
and electron microscope showed that production route, i.e. gas atomis­
ation or water atomisation, had a much greater effect on powder charcter­
istics than the production variables. Spherical particles we.r«. 
produced by gas atomisation and irregular particles with much higher 
surface area produced by water atomisation. In the gold-nickel-Jethete 
system investigated, too high a paste viscosity, giving no secondary flow 
of the paste onto the base metal, resulted in very poor wetting and 
filling of the joint with much waste of brazing alloy. Low viscosity 
pastes, usually the result of too thin a paste, give poor- joints with 
insufficient filler material, Section 8.1.
The brazed joints in this system failed by a crack initiation and 
growth mechanism, Section 8.3.2. Crack initiation occurred in the region 
of highest stress, in this case the fillet, apparently by microvoid 
coalescence. Accoustic emission was used to detect crack formation.
The crack formed was of sub-critical length end the speed with which 
it propagates is determined by the amount of plastic deformation which 
could take place at the tip of the crack. This was affected both by 
the joint gap and by the yield strength of the joint material. The 
braze material was not able to deform plastically in the vicinity of the 
braze metal/base metal interface as a result of the much stiffer base 
material. The result of this was that as the joint clearance in the 
brazed joints was increased, so a much greater volume of material at the 
tip of a sub-critical crack was available in which plastic deformation
could take place, thus effectively increasing the fracture toughness of 
the joint material, reducing the speed of crack propagation and increasing 
the joint strength, Section 8.4. Increasing the joint gap beyond 254 
microns did not further increase the strength of the joints since the 
volume of material which was deforming plastically at the tip of the crack 
had reached a maximum in the 254 micron joint. This effect resulted in 
a peak in strength in these joints at much wider joint gaps than is 
normally found in brazed joints. This peak in strength was enhanced by 
increases in hardness of the braze material which delayed crack initiation. 
The increase in hardness was found to be the result of diffusion of 
elements from the steel base material into the joint material.
Diffusion of iron and chromium into the brazing alloy was shown to 
result in increase in both the rate of hardening and the peak in hardness 
achieved on aging when compared with the gold-nickel binary alloy.
Although spinodal decomposition is reported in the gold-nickel system, 
it was felt that this was unlikely to be the cause of hardening in this 
case and the probable cause was the formation of a coherent precipitate, 
the increased rate of formation being the result of the higher rate of 
diffusion of iron in gold when compared to the rate of diffusion of 
nickel. The presence of iron in the gold-nickel alloy not only increased 
the rate of hardening but also increased the rate of overaging in the 
alloy, the hardness dropping rapidly as the precipitate became visible.
The effects of brazing temperature and joint gap on the pick-up of iron 
by the gold-nickel alloy were considered to explain the differences in 
hardness found in the sets of brazed joint specimens, Section 8.2.4.
The diffusion of silicon into the brazed joint was shown to have a 
considerable effect on the joint microstructure which had not been 
previously reported. A corner of the gold-nickel-silicon diagram was 
calculated and using this it has been possible to adequately explain
the microstructure found in the brazed joints. The joint microstructtire 
was shown to be the result of a ternary peritectic reaction in this 
system. It was also found that only a small increase in the amount of 
silicon pick-up by the joint would have resulted in the presence of a 
nickel silicide, a needle like intermetallic compound, being formed in- 
the joint, Section 8.5*, indicating the care which should be taken to 
minimise silicon pick-up when using the gold-nickel braze alloy on 
silicon containing materials.
Suggestions for Farther Work
1. Factors giving rise to the hardness differences were determined in 
Section 8.2.4 and a hypothesis for the mechanism by which this occurs, 
was developed. Hie part played by brazing temperature and joint gap in 
hardening was also discussed. Further work to prove or disprove this 
hypothesis is required as is work towards explaining the discrepancies
in rate of decomposition and precipitation found at 400°C. Determination 
of a C.C.T. diagram for the gold-nickel-iron ternary would allow a more 
complete explanation of the effect of joint gap and brazing temperature 
on joint hardness and therefore joint strength. A more complete under­
standing of the decomposition of the joint material would also be of 
interest to users of this gold-nickel alloy for joining similar heat 
resistant steels, suggesting possible heat treatment programmes to optimise 
joint properties.
2. In calculation of the nickel-rich corner of the gold-nickel-silicon 
ternary the solid gold-nickel interaction parameters -used-were taken from 
the work of Tomiska (163) who used the results of Sellars and Maak (162). 
These were obtained from electromotive-force measurements made on ten 
gold-nickel alloys using galvanic cells with solid electrolytes. The 
lowest temperature at which these measurements were made was 775°C and the 
calculations of Tomiska must, therefore, have used extrapolated data.
The result of this is seen by comparing the calculated miscibility gap 
due to Tomiska with that determined experimentally (6.7), Fig. 8.9*
Although the curves show good agreement, deviation occurs below 730°C 
(1000°K) although at most the discrepancy is only 9 at % at the gold- 
rich end.
When either of the pure components, or the resulting solid solution, 
or both, have magnetic processes at some temperature, the observed 
entropy will have an additional term due to the difference between the 
accumulated magnetic entropy of the alloy and that of the pure component
times its mole fraction. As ferromagnetism occurs below 340° C (6l3°K), 
the curie temperature in this system, the measurements made by both 
Tomiska and Sellars and Maak, at temperatures of 1^00 - l600°C and 775 - 
935°C respectively, take no explicit account of the occurrence of 
ferromagnetism and its corresponding contribution to the entropy in the 
gold-nickel alloys at lower temperatures. By estimating the effect of 
magnetic entropy on the equilibrium at the lower temperature more 
accurate interaction parameters could be calculated enabling increased 
accuracy in calculation of the gold-nickel-silicon ternary diagram.
3. Another area in which further work could be considered is indicated 
in Fig. 8.13 where some evidence is found for the presence of a liquid 
miscibility gap in this ternary. Liquid immiscibility was indicated by 
the computer calculations carried out at N.P.L. The presence of liquid 
immiscibility would play an important part in the calculation of the 
rest of the gold-nickel silicon ternary.
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